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Preface

Microbial symbiosis played a pivotal role in the evolution of eukaryotic organisms.
While the domesticated endosymbiotic bacteria evolved into cellular organelles such
as mitochondria and plastids, the viruses and/or nuclear dwelling bacteria were
probably the source of some of the eukaryotic genetic material. The existence of
today’s plants, some unicellular organisms, and animals, including humans, depends
on extremely complex and multifaceted interactions between the symbionts and their
hosts. From the perspective of human well-being, we now realize that the symbiotic
relationship between the microbiota and the host not only modulates metabolism and
immune response but also inhibits pathogens and that a disruption of this symbiotic
homeostasis may lead to various diseases. This book covers the current knowledge
on different aspects of evolution, mechanisms, and molecular signaling in different
types of symbiosis and their potential therapeutic applications. The first part of the
volume describes the nuclear symbiosis and how the transfer of genetic information
shaped symbiont and host genome and how the symbionts influence cell fate and
differentiation. The second part discusses how the symbionts perceive and adjust to
the host environment and describes the evolutionary aspects of symbiosis, apoptosis,
chemiosmosis, and membrane compartments. The third part summarizes the current
knowledge on the evolution and mechanisms of photosynthesis and nitrogen fixation
in plants. The fourth part describes the diversity of symbionts in nematodes and
insects and their emerging importance for human health and disease. The final (fifth)
part describes our dependence on the microbiome integrity, how the symbiosis
shapes the adaptive and immune responses, and what are the novel avenues for the
therapeutic interventions in balancing the symbiont/host homeostasis and fighting
the diseases.

Houston, USA Malgorzata Kloc
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Book Abstract

Symbiosis is an interaction between different organisms. The symbiotic origin of
cellular organelles and the exchange of the genetic material between hosts and their
bacterial and viral symbionts have shaped the biodiversity of life. Recently, symbi-
osis has gained a new level of recognition through the realization that all organisms
function as a holobiome and that any kind of interference with the hosts influences
their symbionts and vice versa and reverberates in profound consequences in the
sustenance of both. For example, in humans, the microbiome, which is the collection
of all the microorganisms living in association with the intestines, oral cavity,
urogenital system, and skin, is inherited during pregnancy and influences maturation
and functioning of human immune system, protects against pathogens, and regulates
metabolism. The symbionts also regulate cancer development, wound healing, tissue
regeneration, and stem cell function. The medical applications of this new realization
are vast and largely uncharted. The composition and the status of robustness of
human symbionts could be used as the diagnostic tool to predict impending diseases,
and the manipulation of symbionts could open new strategies for treatment of
incurable diseases.

This volume will be unique in covering molecular, organellar, cellular, immuno-
logic, genetic, and evolutionary aspects of symbiotic interactions in humans and
other model systems and fostering new ideas for interdisciplinary research and
therapeutic applications.
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Chapter 1
Viral Symbiosis in the Origins
and Evolution of Life with a Particular
Focus on the Placental Mammals

Frank Ryan

Abstract Advances in understanding over the last decade or so highlight the need
for a reappraisal of the role of viruses in relation to the origins and evolution of
cellular life, as well as in the homeostasis of the biosphere on which all of life
depends. The relevant advances have, in particular, revealed an important contribu-
tion of viruses to the evolution of the placental mammals, while also contributing
key roles to mammalian embryogenesis, genomic evolution, and physiology. Part of
this reappraisal will include the origins of viruses, a redefinition of their quintessen-
tial nature, and a suggestion as to how we might view viruses in relation to the tree
of life.

1.1 The Historical Perspective

The historical approach to viruses focused on their causative role in specific diseases,
leading to their categorization as obligate parasites. Parasitism, in this sense, implied
that viruses gained what they needed for their biological cycle and replication at the
expense of their hosts while contributing nothing to the relationship. But as early as
the 1920s, the pioneering Canadian microbiologist, Felix d’Herelle, observed pat-
terns of behavior involving bacteriophage viruses and their prokaryotic hosts that
suggested that the virus–host relationship was more complex than obligate parasit-
ism. In his historic book The Bacteriophage, d’Herelle explained how phage viruses
exerted a balancing effect in their interactions with their host bacteria (d’Herelle
1926). In his words: “A mixed culture results from the establishment of a state of
equilibrium between the virulence of the bacteriophage corpuscles and the resistance
of the bacterium. In such cultures a symbiosis obtains, in the true sense of the word:
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parasitism is balanced by the resistance to infection.” This astute observation raised a
key question: are viruses symbionts in their relationships with their hosts?

In 1878, the German naturalist Professor Anton De Bary defined symbiosis as the
“living together of unlike organisms” (De Bary 1879; Sapp 1994). Today we might
interpret this as a significant biological relationship between different species. The
concept of symbiosis was further developed by Albert Bernhard Frank (1877), who
also pioneered the understanding of mycorrhizae (1885); meanwhile, the evolution-
ary implications of symbiosis, or “symbiogenesis,” were first introduced by
Merezhkovskii (1910). Today the interacting “partners” are classed as “symbionts,”
while the partnership of two or more symbionts is the “holobiont.” “Mutualism,”
where two or more of the interacting symbionts benefit, is a form of symbiosis, but
symbiosis also embraces “commensalism,” where one or more symbionts benefit
without causing harm to their symbiotic partners, and parasitism, where a symbiont
benefits at the expense of its partner or partners. The dynamics of symbiosis is
further complicated by the fact that mutualism often begins as parasitism and the
relationship may evolve to intermediate variations within the extremes of outright
parasitism, commensalism, and mutualism.

Symbioses are also categorized by the patterns of biological interaction (Douglas
1994; Margulis and Fester 1991). For example, mycorrhizal symbioses, which are
found in all land-based plants, involve the sharing of metabolites between plants and
root-interactive fungi, or “mycorrhizae,” and so are termed “metabolic symbioses.”
Other symbioses involve mutually supportive “behavior,” such as the feeder stations
on the floor of the ocean. Symbiosis, with obvious evolutionary implications, can
also involve interactions at the genetic level. “Genetic symbioses” may involve the
transfer of a pre-evolved gene, or a package of genes, from one evolutionary lineage
to another. At its most powerful, genetic symbiosis involves the union of two or
more disparate genomes, to create a novel “holobiontic genome,” usually through
the union of the genomes of a host with that of a microbial symbiont (Ryan 2009a,
2016).

Given that viruses interact with their hosts at both genomic and physiological
levels, it is unsurprising that viruses might sometimes influence the genetic and
physiological evolution of the same hosts, and thus play what would normally be
classed as symbiogenetic roles in the host–virus relationship. But viruses are not
usually classed as living organisms and so, to some, it might appear counterintuitive
to apply symbiotic theory to viruses. This is an important dilemma, and it comes
down to whether or not viruses should be seen as living organisms from the
evolutionary perspective.

4 F. Ryan



1.2 Viruses as Living Organisms and their Relationship
to the Tree of Life

This very dilemma provoked López-Garcia and Moreira (2009) to rebut the notion of
viruses as living organisms with a paper headed: “Ten reasons to exclude viruses
from the tree of life.” Their arguments are summarized as follows:

• Viruses, being genetic parasites of living organisms, could not have come into
existence until the prokaryotes (Eubacteria and Archaea) had evolved.

• As obligate parasites, and thus being incapable of independent cellular metabo-
lism outside their hosts, viruses are not life forms.

• Viruses do not replicate by themselves.
• Viruses do not evolve through their own mechanisms. They can only evolve

through mechanisms borrowed from their cellular hosts.
• Deriving from the previous argument, viruses evolve new genes by “pick-

pocketing” genes from their hosts.
• Some of the most important families of viruses originated as mere genetic off-

shoots of their host genomes.
• From the above, no meaningful evolutionary tree of life (phylogeny) can be

depicted for viruses.
• Viruses are not cellular and, since life can only be defined from a cellular

perspective, they should be dismissed from any consideration as life forms.

This resulted in heated discussion and disagreement (Claverie and Ogata 2009;
Hedge et al. 2009; Koonin et al. 2009; Ludmir and Enquist 2009; Navas-Castillo
2009; Raoult 2009; Villarreal and Witzany 2010). The key points of debate centered
on the existing evidence with regard to the precise nature of viruses. No unanimity
emerged from this discourse (López-Garcia and Moreira 2009b), suggesting that it is
time we reconsidered the basic nature and of viruses and their contribution to life and
biodiversity.

1.3 What Is the Basic Nature of Viruses?

One cannot refute several strands of the López-Garcia and Moreira argument. The
life forms they place within the tree of life are indeed confined by cell walls, and they
possess ribosomes that enable them to manufacture the proteins needed for their
metabolism. These are defining properties that enable their independent life cycles.
There is, however, an unstated but implicit caveat here. The tree of life they refer to
was specifically defined to fit this same cellular perspective. Viruses are not cellular
life forms. Thus, it is inevitable, if we use this definition of the tree of life, that
viruses will be excluded. At the same time, when we examine the natural history,
physiology, genetics, and evolutionary dynamics of viruses, we find that they
possess a great many of the properties we associate with living organisms. This

1 Viral Symbiosis in the Origins and Evolution of Life with a Particular Focus on. . . 5



goes to the very heart of the dilemma for both microbiologists and evolutionary
virologists. At this point, it might be helpful to re-examine the interactive dynamics
of virus and host from a broader evolutionary perspective.

The virion, which is commonly seen as the quintessence of a virus, is actually the
propagative stage of the viral cycle, relying on external factors, such as host behavior
or other more passive agencies, such as movements of air, wind, and water, to spread
the virus in such a way as to discover new hosts. In this virion stage, the virus is
essentially inert, rather like the propagative seed of a plant. Of course a virion is not
the same as a seed. But the essential nature of a virus is no more defined by the virion
than a plant would be defined by examining the seed. The essential biological nature
of a virus manifests when it enters the host physiology, there to confront and survive
the host’s defenses, discover its target cell, or cells, penetrate the cell membrane to
enter its interior, and there, in its natural habitat, successfully replicate through
utilizing the host’s genetic and physiological machinations. Moreira and López-
Garcia are correct in their assertion that the virus cannot complete its life cycle,
notably its self-replication, without the assistance of its host. But this merely
confirms that in its very essence, the virus is an “obligate symbiont.”

The fact that an organism is obligate on a symbiotic partner for its survival does
not exclude it from consideration as living. Some bacteria, such as the Rickettsia, are
also obligate intracellular symbionts. Indeed if we widen our perspective to embrace
the biological world in general, we discover that it is replete with interdependent
symbiotic partnerships.

Bees and hummingbirds and their floral partners depend on one another for food
and pollination—a mixture of metabolic and behavioral symbioses. We humans
depend on photosynthetic organisms to manufacture the oxygen essential for us to
breathe, much as we depend on plants, and a medley of other organisms, to make the
essential amino acids, vitamins, fats, and other nutrients that enable our essential
physiology every day. In nature, all cellular forms of life are dependent on other
organisms for life’s essentials with the exception of the relatively rare bacteria
known as autotrophs (Ryan 2002). Viewed from the broader perspective, the
dependency of viruses on host genetics and physiology for their survival does not
preclude them from the definition of “living organisms.”

A seemingly irrefutable criticism of the virus-first hypothesis has been the belief
that viruses could not have evolved before there were cellular hosts for them to
parasitize (Nasir et al. 2012). But this is also based on a mistaken premise. Viruses
are not exclusively dependent on cellular hosts for their replication. Parvoviruses, for
example, can only replicate in the presence of another virus (Collier and Oxford
1993). As to the Garcia and Moreira suggestion that viruses largely evolve by pick-
pocketing host genes, this is refuted by the fact that only a minority of the viral genes
found in nature have been acquired by genetic transfer from host genomes. For
example, the key genes coding for proteins involved in viral replication are shared by
RNA- and DNA-based viruses but are not found in cellular life forms (Koonin et al.
2006). The same goes for the genes encoding the capsid proteins of icosahedral
DNA- and RNA-based viruses. These viral equivalents of the cell walls of cellular
life are not found in cellular organisms.

6 F. Ryan



While an earlier generation of biologists took the view that large groups of
viruses, such as retroviruses and bacteriophages, came into being as offshoots of
their prokaryotic hosts, today the evidence suggests otherwise (Villarreal 2005). It
would appear that retroviruses and bacteriophages do not derive from host genomes:
rather they have their own evolutionary lineages, much as any other organismal
groups. This is not to deny that some families of viruses acquired host genes in their
evolution. But even this pattern of “horizontal gene transfer” is a feature of the
evolution of all life forms, and involved genetic exchange from viruses to host as
from host to virus. This argument should thus be dismissed from disqualifying
viruses from being categorized as living organisms.

1.4 Theories for the Origins of Viruses

The origins of life are uncertain so that it is hardly surprising that different proposals
have been put forward for the origins of viruses. These include the “virus-first”
theory, which proposes a primal origin in the prebiotic era of the Earth’s evolution;
various “reduction” hypotheses, which propose that viruses emerged from the stage
of unicellular life; an “escape” hypothesis, which proposes viral origins from genetic
material that “escaped” from more developed cellular life-forms to become parasit-
ically self-driven; and the polphyletic theory, which proposes that viruses have
multiple origins (Bremermann 1983; Fisher 2010; Forterre 2006; Koonin et al.
2006; Villarreal 2005). Given the complexity and diversity of viruses overall,
polyphyletic origins would appear at the very least to offer the most plausible
explanation. This would allow for the emergence of prototypical RNA-based viral
progenitors during the earliest period of prebiotic life, the presumptive RNA world,
with subsequent polyphyletic additions, including a continuous genetic exchange
with hosts, the expansion to DNA-based viruses, ultimately to give rise to the
diversification of viruses we see today.

1.5 A Virus-First Hypothesis Followed by Subsequent
Polyphyletic Expansion in the Prebiotic Stages
of Evolution

This hypothesis assumes that a key step in the evolution of genomes was the stage of
self-replicating polynucleotide chains. When RNA-based models of this prebiotic
stage have been constructed in microbiological laboratories, or as “digital organ-
isms” in computer simulations, parasitic elements have evolved to invade and then
interact with the self-replicators (Bansho et al. 2012; Bremermann 1983; Colizzi and
Hogeweg 2016; Takeuchi and Hogewoeg 2008; Zaman et al. 2014). Such emer-
gence would fit with the hypothesis of a primary RNA-based virus evolution. This

1 Viral Symbiosis in the Origins and Evolution of Life with a Particular Focus on. . . 7



hypothesis does not require a priori evolution of cellular organisms, with its extrap-
olation to “reduction” and “escape” models for viral emergence. A virus-first origin
of RNA-based viruses would also fit with the strongly inverse relationship between
genome size and mutation rates across all replication systems, suggesting that the
earliest genomes are likely to have been very small and highly error prone—a
situation typical of RNA viruses (Holmes 2011). Such a prototypical virus-first
model of viral origins would also fit with the models of Forterre (2006) and Koonin
et al. (2006). It would suggest that such early RNA-based viruses emerged from an
environment of aggressively symbiotic protoviral genetic agents, the prebiotic
equivalent of the “virosphere” (Koonin and Dolja 2013; Ryan 2009a, 2019;
Villarreal 2014).

Current opinion raises the possibility that life may have originated in the seem-
ingly hostile environments of the deep-sea hydrothermal vents, where searches have
revealed a morphological diversity of virus-like particles greatly exceeding the
number found in aquatic systems at lower temperatures (Prangashvili and Garrett
2004). Viruses are inherently aggressive, a property, when conferred on a symbiotic
partnership of virus and host, has powerful evolutionary potential (Ryan 1997).
Behaving as aggressive symbionts, viruses are capable of both killing and protecting
their hosts (Ryan 1997, 2009a; Villarreal 2005). The fact that self-replicating entities
with properties suggestive of prototypical viruses so readily manifest in laboratory
and computer simulations of the presumptive RNA world, and the fact they are such
powerful players in the killing or survival sense, combined with their genetic
creativity, suggests that virus–host interactivity is likely to have been an inherent
and fundamental driving mechanism in the origins of life and in its subsequent
diversification.

Viruses are also prolific in transferring genetic “information” between themselves
and their hosts. Judging from modern metagenomic analysis, the transfer of genetic
information is far commoner from virus to host than from host to virus (Koonin
2001). The only organisms with RNA-coded genomes today are RNA-based viruses,
suggesting that we might derive helpful insight into the purported prototypical RNA
World from the study of RNA-based viruses.

1.6 The Concept of RNA-Based Quasispecies Behavior

In 1977, Eigen and Schuster introduced the novel concept of “quasispecies” as an
explanation for the self-organization of clusters of prebiotic macromolecule
chemicals, such as polynucleotides, which presented a prototypical situation that
was capable of evolutionary adaptation through Darwinian natural selection (Eigen
and Schuster 1977, 1978a, b, 1979). This was extrapolated to “viral quasispecies
theory” in which swarms of viruses, closely related through shared mutations, would
compete for survival in a highly mutagenic environment. Where one might expect
such a high mutation rate to give rise to nonviable virions, quasispecies theory
predicts that, in the case of RNA viruses, it would actually create a “cloud of
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potentially beneficial mutations,” which would give the viral quasispecies an advan-
tage in adapting to novel environments and survival challenges (Holland et al. 1992;
Vignuzzi et al. 2006). Quasispecies theory also predicts that, in such a scenario,
quasispecies will compete with one another. Indeed, it has been observed experi-
mentally that, in the quasispecies situation, less fit viral mutants will suppress what
would otherwise constitute fitter mutants (De la Torre and Holland 1990). This
suggests that the fitness of the evolving RNA virus population derives from its
quasispecies components rather than the conventional evolutionary model, mean-
while inherent to the evolutionary behavior of quasispecies is a collective function
and group identity (Villarreal 2014). Quasispecies behavior with group identity has
been observed in retroviruses, such as HIV-1, where infected patients harbor a
highly diverse viral population with many different mutant strains (Nowak 1992).
A similar RNA-mediated group identity may have facilitated the origins of
RNA-based viral ancestors during the presumptive RNA World stage. Such a
virus-first emergence from the prototypical RNA world would require the acquisi-
tion of “group identity” in the form of quasispecies consortia. This group identity,
combined with what virologists call “an addiction module”, would make possible a
prototypical equivalent of “self” (Villarreal 2005, 2014). The sum of key evolution-
ary features such as group identity, addiction module, regulatory complexity, and
virus–host ecology is fundamentally linked, and may have provided a key step in the
establishment of life on Earth.

1.7 Virus–Prokaryote Symbiosis and the Homeostasis
of the Biosphere

If the RNA world hypothesis is correct, evolution among the primal stage of
RNA-based nucleotide chains led not only to the origin of RNA-based viruses but
also through an uncertain labyrinth of evolutionary steps, including the emergence of
DNA as the perfect memory molecule for heredity, to the emergence of the com-
plexity of cellular life. The evolution retained the versatility of RNA for messenger,
transfer, ribosomal and epigenetic functionality. Such evolution will have involved
more complex virus evolution, which, in turn, is likely to have been accompanied by
a complementary complexity of virus–host genetic interaction, part of which would
have been a horizontal genetic transfer in both directions. This never-ending univer-
sal genetic symbiosis, involving viruses and hosts, continues to be an integral feature
of the Virosphere to the present day.

Earth’s planetary origin is thought to date back 4.54 billion years, with a putative
arrival of cellular life between 3.77 and 4.28 billion years ago (Dodd et al. 2017).
Primal origins are not synonymous with the last universal common ancestor, or
LUCA, which denotes the most recent population from which all organisms now
living have a common descent. The origins of the LUCA have been tentatively dated
to approximately 3.5 to 3.8 billion years ago (Doolittle 2000; Glansdorf et al. 2008).

1 Viral Symbiosis in the Origins and Evolution of Life with a Particular Focus on. . . 9



The Margulis theory of the origin of eukaryotic cells through the endosymbiotic
merger of a thermoplasma-like Archaean and Spirochaete-like eubacterium
(Margulis 1970; Sagan 1967) has been supported by recent authors (López-García
et al. 2017). If true, the concomitant holobiontic genomic merger is likely to have
involved viral enzymes involved in genetic transfer. A viral origin has also been
proposed for the eukaryotic replication proteins (Villarreal and DeFilippis 2000).
The eukaryotic replicative DNA polymerases are dissimilar to those of eubacteria
but bear similarities to the polymerases of large DNA viruses that infect eukaryotes
as well as the polymerases of T4 bacteriophages. It has been suggested that the
LUCA may have been a small single-celled organism, with a DNA-based ring
genome (Battistuzzi et al. 2004). Woese, who first proposed the three-domain system
of classification based on the analysis of ribosomal RNA, suggested that the LUCA
was probably a simpler, more rudimentary entity than the prokaryotes of today
(Woese et al. 1990). While virologists proposing the “escape theory” of viral origins
assume that this must have followed the origins of LUCA, there is growing evidence
that viruses are more ancient than LUCA (Holmes 2011). Luria and Darnell, while
acknowledging that bacteria and their viruses are likely to have shared a lengthy
genetic exchange relationship, also proposed an origin of viruses after the origins of
primitive cells and most likely deriving from mobile cellular genetic elements that
were capable of transmissibility and self-replication from one cell to another (Luria
and Darnell 1967). While such creative evolutionary interactions between viruses
and the prokaryotic domains have been ongoing and universal, there are difficulties
with the Luria-Darnell theory of viral origins from mobile cellular genetic entities.
Modern metagenomic analysis indicates that the direction of genetic transfer is far
more commonly from virus to host (Koonin 2011). This fits with the observation of
Forterre (2006), who showed that in an analysis of more than 250 cellular genomes
from Archaea, Bacteria, and Eukarya, most of the proteins coded by viral genomes
have no cellular homologues. This would suggest that, while viruses and prokaryotes
certainly exchanged genes, viruses did not originate as offshoots from prokaryotic
cellular life.

In the last decade, microbiologists have belatedly come to realize the critical role
of the viruses of prokaryotes as “a major component of the biosphere” (Krupovic
et al. 2011). This new perspective, which one authority has labeled “the great virus
comeback” (Forterre 2013), has come about through the expanding fields of evolu-
tionary biology, genetics, genomics, metagenomics, and population dynamics,
emphasizing the fact that viruses are both essential agents within the tree of life
(Villarreal and Witzany 2010) and provide a key to understanding the complex
dynamics of major ecologies. Through such examination, it would appear likely that
viruses and the three domains of cellular life have been entwined in a complex
labyrinth of formative evolutionary interactions since the dawn of evolution
(Durzyńska and Goździcka-Jósefiak 2015). This would suggest that the prokaryotes
we recognize today evolved during a highly aggressive symbiotic partnership
between emerging Archaea and Eubacteria and ancestral forms of Archaeal and
Eubacterial viruses (Gribaldo and Brochier-Armanet 2006; Hug et al. 2016; Koonin
and Dolja 2013; Shapiro 2019; Villarreal 2014).
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Today both the Eubacteria and the Archaea continue to share obligate symbiotic
relationship with DNA- and RNA-based bacteriophage viruses (Krupovic et al.
2016). Established patterns of symbioses involving bacteriophage and Archaea-
phage viruses and their host bacteria and Archaea include two different patterns of
interaction, known as lysogenic and lytic cycles. Both these interactions involve
viral reproduction, but while one is “temperate” the other is aggressive. When an
invading phage virus enters into a lysogenic, or “latent”, cycle, the virus integrates
its genome into the host genome, or else it sits outside the genome in the form of a
circular “replicon” within the bacterial cytoplasm. While behaving temperately, the
virus holds its position as a “prophage,” meanwhile suspending the lytic viral cycle
of replication. In this way, the viral genome is replicated whenever the bacterium
reproduces, with the prophage being passed on to the daughter bacteria. The virus
retains its lytic potential and, over time, key stimuli can provoke the more aggressive
pattern of lytic behavior.

In the lytic cycle, the virus replicates within the bacterial body independent of
bacterial reproduction, hijacking the bacterial genetic physiology for its own selfish
purposes. Viruses that behave in this way are known as “virulent” phages. They
create a swarm of daughter viruses within the host bacterium, with the ultimate death
and rupture of the bacterial cell releasing the daughter viruses into the surrounding
medium, where they are poised to infect large numbers of ambient host bacteria. This
process of virulence, swarm-type replication, and subsequent release with rupture of
the bacterial cell, is known as “lysis” and the cycle is known as “the lytic cycle.”

1.8 How Viruses Contribute to the Biosphere

The “virosphere” comprises the junctional zones where viruses interact with their
myriad hosts, spanning all environments where life is to be found. Viruses are the
most abundant biological entities in all the major environments on Earth, exceeding
the numbers of cellular life forms, including prokaryotes, by one or two orders of
magnitude (Koonin and Dolja 2013). In addition to this numerical predominance, the
genetic diversity of viruses is commensurately enormous and might substantially
exceed the genetic diversity of cellular organisms (Hambly and Suttle 2005; Koonin
and Dolja 2013; Rosario and Breitbart 2011). The oceans teem with prokaryotic
viruses (Suttle 2007). Marine virologists have estimated that there are 1031 tailed
bacteriophage viruses on Earth (Krupovic et al. 2011). Equally surprising is the
discovery, through metagenomic analysis of the marine virosphere of four different
oceanic regions, that most of the viral sequences found in these ecologies differ from
the sequences in current databases. Global genetic diversity was found to be
exceedingly high, suggesting several hundred thousand hitherto-unrecognized spe-
cies of viruses (Angly et al. 2006).

Such colossal numbers of prokaryotic viruses, with high genetic diversity, make it
likely that viruses play key roles in the planet’s ecosystems, exerting a significant
force on the evolution of their bacterial and archaeal hosts. Viruses are also drivers of
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global geochemical cycles (Suttle 2005; Rosario and Breitbart 2011). Through
prokaryotic lytic and lysogenic cycles, phage viruses have a major impact on the
availability of nutrients in the marine ecosphere, including the termination of algal
blooms (Fuhrman 1999; Wilhelm and Suttle 1999; Wommack and Colwell 2000).
Identical bacteriophage sequences have been found in a wide variety of different
marine environments, suggesting that there is an extensive circulation of viral genes
among distantly related host populations. It is unlikely that the presence and
importance of viruses are confined to oceanic ecologies. Up to the present, we
simply have not searched sufficiently for them elsewhere. But with the expansion
of metagenomics, this situation is changing.

Only recently, with the introduction of metagenomic studies, have we come to
realize that this same gargantuan cycling of prokaryotes and their aggressively
symbiotic viruses are also playing a fundamental role in a wide variety of terrestrial
ecologies, including agricultural soils (Williamson et al. 2005), forest floors, and
even the dry soil of the relatively lifeless Antarctic valleys (Williamson et al. 2007),
enabling transfer of key elements such as carbon and iron and other micronutrients
from the bacterial biomass to smaller prokaryotic life-forms within the same envi-
ronments. In the words of these pioneering investigators, it would appear that soil
virus diversity is very much underestimated and the impact of viruses on soil
ecosystems poorly understood, emphasizing the need for more extensive
metagenomic viral studies (Roossinck et al. 2015; Rosario and Breitbart 2011;
Williamson et al. 2017). But it would appear likely that further study will confirm
similarities in behavior of viruses in soil to those in oceanic environments, with
major biospheric importance.

This pattern of “stable aggressive symbiosis” between phage viruses and bacteria
at every depth of the oceans and every soil tested bears striking testimony to
d’Herelle’s conclusions a century earlier, with his pioneering introduction of the
term “symbiosis” in the “establishment of a state of equilibrium between the
virulence of the bacteriophage corpuscles and the resistance of the bacterium.”

1.9 A Huge Unknown

The role of viruses in the evolutionary origins and subsequent proliferation of
eukaryotic life is largely unexplored. But viral roles have been discovered wherever
researchers have looked for them, whether in the origins of photosynthesis (Lindell
et al. 2004), the nitrogen cycle (Long 2001; Sullivan and Ronson 1998), the potential
origins of the eukaryotic nucleus (Bell 2009; Chaikeeratisak et al. 2017), key
mitochondrial and nuclear enzymes (Filée et al. 2003), and numerous evolutionary
developments in invertebrates and vertebrates (Villarreal 2005), making it likely that
a dynamic and highly interactive virosphere is likely to have played a key role in
both the origins of and subsequent diversification of life. One of the most compre-
hensively, if still incomplete, studies of virus–host symbiogenesis is that of the
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mammals, which might offer an exemplar of what is likely to be discovered more
widely in biodiversity with future study.

1.10 Retroviral Symbiogenesis

Viruses play a vital role in the biosphere in terms of sheer physical abundance and
genetic diversity, infecting and interacting with the evolution and life cycles of every
cellular form of life. But the relative abundance of different classes of viruses differs
with regard to eukaryotes in comparison to prokaryotes. Most viruses of prokaryotes
have double-stranded DNA-based genomes, while most eukaryotic viruses have
RNA-based genomes (Koonin et al. 2015). One such RNA-based family of viruses,
the retroviruses, have entered the life cycles, and genomes, of sea slugs (Pierce et al.
1999; Pierce et al. 2016), fish (Naville and Volff 2016), basal amphibians (Aiewakun
and Katzourakis 2017), reptiles and birds (Martin et al. 1997). Aiewsakun and
Katzourakis also concluded that ray-finned fish foamy-like endogenous retroviruses,
or FLERVs, exhibited an overall cospeciation pattern with their hosts, suggesting
that retroviruses as a whole have an ancient marine origin at the time of, if not before,
their jawed vertebrate hosts more than 450 million years ago in the Paleozoic Era. A
wide range of genetic symbioses between exogenous retroviruses and animals
during their pre- and postmammalian evolutionary lineages led to the colonizing
of animal genomes with endogenous retroviruses, with considerable implications for
mammalian evolution (Ryan 2016).

The genomes of retroviruses are composed of RNA. To insert themselves into the
DNA-coded genome of their hosts, they employ a key enzyme, reverse transcriptase,
that copies the viral RNA genome to its complementary DNA, which is then
integrated into the host chromosomes. As part of its exogenous infectious cycle,
the retrovirus inserts its genome into the genome of the target cell, such as a
T-lymphocyte, causing the target cell to become a factory for the generation of
daughter viruses. But sometimes, during some retroviral epidemics, the exogenous
retrovirus uses the same replication mechanisms to insert its genome, perhaps in
multiple different sites and chromosomes, into that of the host germline. Such viral
genomic inserts are known as “endogenous retroviruses.” This process of
endogenization has the evolutionary potential of uniting the two disparate genomes,
virus and host, to form a novel “holobiontic genome.” The endogenous viral inserts,
now known as “proviruses,” will initially be suppressed by epigenetic mechanisms.
But epigenetic silencing is not permanent. In time, many of these proviruses will be
permanently silenced by indels, but some proviral genomes, in whole or in part, may
be selectively conserved if they come to enhance holobiontic survival. To under-
stand what this means, we need to grasp the concept and implications of holobiontic
genomic evolution.
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1.11 The Concept of Holobiontic Genomic Evolution

A “holobiont” is the symbiological term for the overall partnership in a symbiotic
relationship. A “holobiontic genome” arises through the symbiological merger
of two or more genomes arising from different evolutionary lineages. The origins
of mitochondria and plastids are examples arising from the symbiological mergers of
the genomes of prokaryotic and eukaryotic lineages. The evolutionary mechanisms
implicit in the “endogenization” of an exogenous retroviral genome is another
example of holobiontic genomic evolution, giving rise to a holobiontic genome
incorporating both host and viral evolutionary lineages.

While the neo-Darwinian term “capture” is often applied to the incorporation of
the viral genome, this should not be interpreted as the conversion of the viral genome
to become host sequences. On the contrary, the usefulness of the viral genome is
through its pre-evolved quintessentially viral properties, which are now available for
adoption by the holobiontic organism. This implies that natural selection will no
longer operate at the level of host lineage but at the level of the holobiontic genome,
selecting for viral or vertebrate sequences that enhance holobiontic survival and
selecting against viral or vertebrate sequences that reduce the potential for survival.
Since viral genomes are minuscule in size when compared to those of their hosts, it is
easy to underestimate the contribution retroviral genomes might make to such a
union. We should recall that retroviruses have evolved over vast time periods to
interact with, and manipulate, specific host physiological, biochemical, genetic, and
immunological mechanisms and pathways.

The study of the holobiontic merger of endogenous retroviruses and host genome
has been most extensively studied in humans, which might therefore offer an
exemplar of what is likely to be discovered throughout the mammals.

1.12 Holobiontic Genetic and Epigenetic Regulation

Over the course of our evolutionary history, the historic human genomic lineage is
thought to have been “colonized” by roughly 200 or so exogenous retroviruses,
which have been incorporated as endogenous retroviruses (ERVs), assigned to
different viral lineages, with the most recently incorporated primate viral lineages
known as HERV-Ks. All retroviruses are regulated by their terminal genomic
regions, known as “long terminal repeats,” or “LTRs.” Once incorporated into a
host genome, these LTRs have the potential of taking over the regulation of formerly
host genetic and other regulatory functions. For example, at least 50% of HERV-K
LTRs are active promoters for host DNA transcription and, depending on what
fraction of the human genome is surveyed, there may be hundreds of HERV-K solo
LTRs that are human-specific (Buzdin et al. 2006). Most of the HERV-K loci found
throughout the genome are solo LTRs, but a subset has persisted as full-length
proviruses (van de Laagemaat et al. 2003). The so-called retrotransposon elements,
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which include HERVs in addition to ERV-related elements known as LINEs, SINEs,
and alus, appear to work in a complex pattern of coordination in regulation
(Villarreal 2005). In a systematic screening of different classes of regulatory regions
in the human genome, Jordan and colleagues found transposable elements within
533 human genes, often in intron regions, where they appeared to control function,
or splicing (Jordan et al. 2003). This included almost 25% of the analyzed promoter
regions. In an instructive encapsulation of the way selection operates at the level of a
holobiontic genome, the LTR of ERV-9 has replaced the host controls of the
β-globin gene cluster—a cluster of five genes coding for the beta globin part of
our hemoglobin (Routledge and Proudfoot 2002). The viral regulator has displaced
several former host promoters and has been conserved over 15 million years of
primate evolution. Other examples include LTRs acting as alternative promoters of
the endothelin B receptor, the apolioprotein C-I genes (Medstrand et al. 2001), and
the leptin receptor (Kapitonov and Jurka 1999).

1.13 Holobiontic Roles in Reproduction

Retroviruses have evolved strategies aimed at evading and nullifying host immuno-
logical attack. These include fusing host phagocytes into useless clumps of
multinucleated giants and blocking humoral attack nullifying the effectiveness of
antiviral antibodies. In the year 2000, two groups reported the discovery that the
envelope gene of a human endogenous retrovirus, ERVWE1, coded for a protein,
called syncytin-1, which plays a critical role in the lining cells of the human placenta
(Blond et al. 2000; Mi et al. 2000). In essence, the expression of syncytin-1 in the
placental trophoblast cells changes their fate to develop into syncytiotrophoblasts,
which results in the fusion of the placental interface into a syncytial monolayer. This
affords the placenta a more efficient filter for nutrients crossing from maternal to fetal
circulation, and waste crossing from fetus to mother. The syncytin-1 locus is
common to the great apes, including gorillas, orangutans, chimpanzees, and humans;
hence, the ERV nomenclature rather than HERV. The envelope gene of a second
endogenous retrovirus, HERV-FRD, was subsequently found to code for the protein
syncytin-2. This protein is expressed deeper in the placenta and contributes both to
placental fusion and to immunosuppression of maternal immunity to fetal antigens
(Blaise et al. 2003). Another endogenous retrovirus, ERV-3, has a syncytin-1 type of
action, and others, including an HERV-K, may be involved with many others
playing as yet not fully defined roles in reproduction in humans (Villarreal and
Ryan 2011).

Mice possess syncytin-A and syncytin-B, which play similar roles to syncytin-2
and syncytin-2 in great apes. Knockout mice for syncytin-A and syncytin-B show
grossly defective placentas with impaired embryo survival, confirming that the
syncytins are vital to placental structure and function (Dupressoir et al. 2009).
Heidmann and colleagues screened a number of additional mammalian clades for
endogenous placental retroviral syncytin genes, confirming that syncytin variants are
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associated with placentation in all of the other mammals tested, including Lago-
morphs, which include the rabbits, (syncytin-Orl), Carnivora (syncytin-Car1), Peris-
sodactyls, which includes the horses, Chiroptera, which are bats, higher Ruminantia
(syncytin-Rum1), Cetacea, Suina, which includes the pigs, Insectivora, which
includes hedgehogs and shrews, Afrothera (syncytin-Ten1), which include elephants,
aardvarks, and sea cows and Xenarthra, which include anteaters, sloths, and arma-
dillos (Cornelis et al. 2012, 2013, 2014). The same researchers demonstrated the
presence of a syncytin in the South American opossum (syncytin-Opo1), a marsupial
that undergoes short-lived placentation (Cornelis et al. 2015). They also discovered a
second nonfusogenic retroviral envelope gene that had been selectively conserved
for more than 80 million years among all marsupials, including the South American
opossum and the Australian tammar wallaby, and which possesses an immunosup-
pressive domain. This latter appeared to function in a similar way to syncytin-2 in
great apes, to help suppress maternal rejection of paternal and thus potentially alien
antigens in the fetus.

The discovery of two retroviruses in marsupials showing transient placentation is
surely a key finding. Up to this point there was uncertainty whether the ERVs had
played a key role in the origins of placentation, or whether they arrived after the
evolution of a more primitive placenta, merely helping to improve its efficiency. But
now, to quote these authors: “The capture of a founding syncytin by an oviparous
ancestor was pivotal for the emergence of placentation more than 150 million years
ago.”

1.14 Holobiontic Roles in Embryogenesis

Syncytin-1 may be involved in the spermatozoa–oocyte fusion that results in the
zygote (Soygur and Sati 2016). Methylation is one of the key epigenetic regulators
capable of switching off the expression of unwanted genes and other genetic
sequences in the genomes of animals and plants. Thus, it was intriguing to discover
that a major wave of genome-wide demethylation takes place throughout a substan-
tial portion of the genome during the earliest stage of embryonic development of
plants and humans (Eckardt 2006; Guo et al. 2014). In humans, as in mammals
generally, this might allow the activation of normally suppressed endogenous
retroviral entities and their related retrotransposons. When Spadafora exposed
early murine embryos to the antireverse transcriptase drug, Nevirapine, he discov-
ered that it led to an irreversible arrest of development up to the four-cell stage
(Spadafora 2008). Other researchers discovered that inhibition of the retroviral
enzyme, reverse transcriptase, during early murine embryonic development resulted
in substantial reprogramming of gene expression, involving both developmental and
translational genes (Pittoggi et al. 2003). These findings suggested that endogenous
retroviruses, and/or LINE-type products, are involved in regulation at the earliest
stages of mammalian development.

16 F. Ryan



Multiple HERV-K loci with intact open reading frames are scattered throughout
the human chromosomes. DNA hypomethylation of the LTRs of the most recently
acquired HERV-K integrations, accompanied by transactivation by OCT4 (a key
definer of pluripotency during development), facilitates HERV-K reactivation and
expression during the early stages of human fetal development (Grow et al.
2015a, b). Such retroviral expression appears to play a key role in embryogenesis
from the eight-cell stage and continuing through the emergence of epiblast cells in
preimplantation blastocysts, and ceasing at the stage of embryonic stem cell deriva-
tion from blastocyst outgrowths.

There are roughly 1000 loci of endogenous retrovirus HERV-H scattered through
the human chromosomes. Some 231 of these loci are highly expressed in embryonic
stem cells, where their LTRs, working in a coordinated way, act as a long noncoding
RNA essential to human embryonic stem cell identity. This endogenous retroviral
expression causes the upregulation of OCT4, SOX2, and NANOG, which maintain
stem cell pluripotency. If HERV-H expression is blocked, using RNAi, the stem
cells lose their pluripotency and differentiate into cells that resemble fibroblasts
(Lu et al. 2014). This arena of research is still relatively new. But it seems likely that,
given more time and exploration, many more such intimate and important interac-
tions with host embryonic development will be discovered.

1.15 A Wider Role in Mammalian Evolution and Health

Recombination of viral loci on different chromosomes during meiosis has contrib-
uted to large-scale genetic deletions and duplications throughout our mammalian,
hominid, and hominin evolution (Hughes and Coffin 2001; Medstrand and Mager
1998). Duplications of flanking endogenous retroviral may have contributed to the
evolution of the extended major histocompatibility complex (Dawkins et al. 1999).
A similar virus-induced genomic plasticity may also have contributed to the surpris-
ing level of genetic variation currently being observed between individual humans
(Redon et al. 2006). A recent study of regulatory evolution of innate immunity
showed that ERVs have shaped the evolution of a transcriptional network underlying
the interferon response, which is a key element of innate immunity (Chuong et al.
2016). Meanwhile, endogenous retroviruses have also contributed to many symbi-
otic interactions at postdevelopmental level, including the physiological expression
of viral env genes as proteins, in many different primate and human tissues (Fei et al.
2014; Kim et al. 2006). This has led to the proposal of an HERV Transcriptome
Project as a separate enterprise from the published Human Proteome Project (Pontén
et al. 2009).
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1.16 The Debit Potential of Viral Symbiogenesis

The human genomic inheritance is shared with, or shows considerable similarities to,
the genomes of other mammals, in containing hundreds of thousands of endogenous
retroviral elements. Since these retain the legacy of exogenous retroviral sequences,
they can threaten the resultant holobiontic organism through their inherent virus-
specific pathological potential (Ryan 2009b). This includes unwanted expression,
insertion, and dysregulation of established symbiotic viral gene, regulatory sequence
or other genetic pathway, or through the cooption of evolved viral roles in complex,
multistep disease progressions. In humans, such unwanted expression of retroviral
genes and sequences contributes to placental pathologies, Down syndrome,
pre-eclampsia, liver dysfunction, low platelet syndrome/intrauterine growth retarda-
tion, and gestational trophoblastic diseases, including hydatidiform mole and cho-
riocarcinoma (Bolze et al. 2017).

HERVs have been associated with a miscellany of diseases, including Sertoli-cell
only syndrome, or SCOS, a form of male infertility (Bosch and Jobling 2003),
hemophilia (Kazazian et al. 1988), muscular dystrophy, and miscellaneous other
diseases (Ryan 2009b). More specifically, HERV expression has been linked to
many, if not all, of the autoimmune disorders (Volkman and Stetson 2014), notably
multiple sclerosis (Mameli et al. 2009), where the disease may be caused by
inappropriate levels of expression of syncytin-1 in astrocytes in the pathological
lesions. It is possible that the malexpression of syncytin-1 may be triggered by
exogenous viruses, notably Epstein Barr virus or Human Herpesvirus 6A (Mameli
et al. 2012; Fierz 2017). Trials of specific T-cell therapy using monoclonal antibody
formulations in MS are currently in progress (Pender et al. 2018).

However, we need to be cautious in interpreting the significance of HERV
sequences in pathological conditions since, at present, we do not fully understand
the role of HERV proteins and other sequences in normal physiology and their
recruitment as part of the protective immunological responses to pathological insult.
In accommodating the potential of ERVs in mammals as “both creators and
destroyers,” we also need to consider their potential as protectors against cancer in
addition to their potential as perpetrators (Bannert et al. 2018).

1.17 Conclusions

The origins of life on Earth are inevitably obscure, but there are theoretical grounds
for proposing a primal RNA-based protoviral origin during a hypothetical RNA
World stage. Viruses are defined as noncellular capsid-encoding obligate symbionts.
It is further proposed that this obligate symbiosis working both ways with evolving
viruses and cellular hosts is key to understanding the further evolution of viruses as
well as the influence of viruses on host evolution throughout the tree of life. This
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same obligate symbiosis has resulted in viruses playing an important in the health
and maintenance of the biosphere.
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Chapter 2
Gene Transfer Agents in Symbiotic
Microbes

Steen Christensen and Laura R. Serbus

Abstract Prokaryotes commonly undergo genome reduction, particularly in the
case of symbiotic bacteria. Genome reductions tend toward the energetically favor-
able removal of unnecessary, redundant, or nonfunctional genes. However, without
mechanisms to compensate for these losses, deleterious mutation and genetic drift
might otherwise overwhelm a population. Among the mechanisms employed to
counter gene loss and share evolutionary success within a population, gene transfer
agents (GTAs) are increasingly becoming recognized as important contributors.
Although viral in origin, GTA particles package fragments of their “host” genome
for distribution within a population of cells, often in a synchronized manner, rather
than selfishly packaging genes necessary for their spread. Microbes as diverse as
archaea and alpha-proteobacteria have been known to produce GTA particles, which
are capable of transferring selective advantages such as virulence factors and
antibiotic resistance. In this review, we discuss the various types of GTAs identified
thus far, focusing on a defined set of symbiotic alpha-proteobacteria known to carry
them. Drawing attention to the predicted presence of these genes, we discuss their
potential within the selective marine and terrestrial environments occupied by
mutualistic, parasitic, and endosymbiotic microbes.

2.1 Introduction

As a response to colonizing diverse and changing environments, as well as compet-
ing against threats within those environments, microbes employ either generalist or
specialist strategies (Futuyma and Moreno 1988; Sriswasdi et al. 2017; van
Tienderen 1997). Generalist prokaryotes carry a large and diverse complement of
genes, which ensure autonomy and flexibility in the face of changing environmental
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conditions (Guieysse and Wuertz 2012). These organisms also serve as an important
ongoing contributor to speciation, by enabling the introduction of new “specialist”
microbes that thrive in niche environments (Sriswasdi et al. 2017). However,
maintenance of a large genome comes at considerable energetic cost (Lever et al.
2015), with decreasing benefits of additional genes in response to increasing genome
size (Sela et al. 2016). Metagenomic analyses increasingly point to genome reduc-
tion as not only common to prokaryotic systems but more the rule than the exception
(Ochman 2005;Wolf and Koonin 2013). Affording efficiency in genome replication,
coding elements are regularly pseudogenized and removed, while intervening non-
coding sequences are minimized (Goodhead and Darby 2015; Kuo et al. 2009; Kuo
and Ochman 2010). Genetic drift can also serve as a significant contributor to
genome reduction (McCutcheon and Moran 2011; Sabater-Muñoz et al. 2017).

For symbiotic prokaryotes, genome reduction is particularly exaggerated. Asso-
ciation with a host organism as a surface “ectosymbiont,” or as a cytoplasmic
resident “endosymbiont,” inherently provides richer nutrient availability for the
prokaryote (Bulgheresi 2016). For both types of symbioses, reduced selection for
retention of metabolic pathways results in loss of the corresponding genes (Moran
and Bennett 2014; Nicks and Rahn-Lee 2017). For endosymbionts, loss of DNA
repair genes, general lack of recombination, and population bottlenecks further
accelerate and generalize gene loss in a process referred to as Muller’s ratchet
(Dale et al. 2003; Moran 1996; Moran et al. 2008). This genome decay converts
endosymbionts into an organelle-like state, such as for candidatus Hodgkinia
cicadicola, candidatus Tremblaya princeps, and candidatus Nasuia
deltocephalinicola (McCutcheon and Keeling 2014; McCutcheon and Moran
2011; Moran and Bennett 2014). Although there are success stories, such as for
mitochondria, chloroplasts, and certain other plastids (O’Malley 2015), the default
outcome of genome reduction is endosymbiont replacement or extinction (Brown
2018; Hackstein and de Graaf 2018; Husnik and Keeling 2019; McCutcheon et al.
2019).

While a genome reduction model is broadly supported for evolution of symbiotic
prokaryotes, several recent reports have challenged its general premise. Examples of
genome expansion, representing an increase in the number of functional genes, have
been reported for a range of symbiotic bacteria, including Acinetobacter baumannii
(Yakkala et al. 2019), Chlamydia trachomatis (Bohlin 2015), Spiroplasma clarkii
(Tsai et al. 2018), and Wolbachia pipientis wFol strain (Kampfraath et al. 2019),
ancient Mycoplasma-related endosymbionts of fungi (Naito and Pawlowska 2016)
and a number of others (López-Madrigal and Gil 2017). Considering that prokary-
otic symbioses span a range of parasitic to beneficial interactions, obligate as well as
facultative, and cross all scales of organism size and complexity (Bulgheresi 2016;
Moran et al. 2008; Wernegreen 2012), the similarity of these reports converges on a
core principle. Horizontally transferred genetic content is necessary to offset genetic
losses that are otherwise intrinsic to symbiosis (Sela et al. 2016; Takeuchi et al.
2014). In relation to natural selection, genetic drift, and gene mutation, horizontal
gene transfer (HGT) is generally recognized as a direct and extremely effective way
of maintaining and distributing genetic ability (Hosseini and Wagner 2018; Koonin
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2016; Zhaxybayeva and Doolittle 2011). Often used interchangeably with the term
“lateral gene transfer,” the term HGT is most often used to describe the acquisition of
genes by similar or closely related species, yet can also occur between phylogenet-
ically distant microbes (Koonin 2015).

HGT in bacteria is known to occur through the following three major mecha-
nisms: (1) transformation: the uptake of free DNA from the surrounding environ-
ment by competent bacteria, (2) conjugation: the transfer of mobile genetic elements
by pili structures that span two adjacent bacteria, usually of similar mating type, and
(3) transduction: the transfer of bacterial DNA between a bacteriophage-infected cell
and an otherwise susceptible bacterium (García-Aljaro et al. 2017; Johnston et al.
2014; Mell and Redfield 2014; Takeuchi et al. 2014). These mechanisms have been
described for aquatic and terrestrially abundant microbes, as well as important
pathogens of higher eukaryotes and mammals (Christie and Vogel 2000; Davison
1999; Fillol-Salom et al. 2019; Husnik and McCutcheon 2018; Mathur and Singh
2005; Parkinson 2016; Sun 2018; Ye et al. 2019). However, as bacterial endosym-
bionts commonly reside within vesicle-derived membrane compartments inside
eukaryotic host cells, this largely precludes the uptake of exogenous microbial
DNA (López-Madrigal and Gil 2017). Phage-like elements have considerable poten-
tial to facilitate HGT for ecto- and endosymbiotic bacteria. Although the amount of
nucleic acid deliverable by a phage-like particle is physically limited, such particles
can make significant, collective contributions to genome size (Gao et al. 2019).

HGT is also facilitated by phage-like elements referred to as gene transfer agents
(GTAs), which have received relatively little attention to date. GTAs are distinct
from typical viruses in that GTA particles distribute host-specific traits via transfer of
host genomic DNA, generally with little preference for the sequences encoding their
phage-specific gene clusters (Berglund et al. 2009; Bertani and Baresi 1987;
Humphrey et al. 1997; Marrs 1974; Rapp and Wall 1987). GTAs appear to be the
result of bacteriophage genes having been “domesticated” by their microbial hosts,
resulting in the production of phage-like particles under the regulatory control of
endogenous host mechanisms (Bobay et al. 2014; Harrison et al. 2017; Olszak et al.
2017). Typically, the size range of DNA that is transferred is far less than that
encoding the GTA particle components, thus precluding the type of selection
pressure associated with most bacteriophages and maintenance of prophage gene
clusters. A variety of GTA types have now been identified in association with bac-
teria as well as archaea, combining the key aspects of transducing phage and
recipient cell transformation machinery (Lang and Beatty 2007; Québatte and
Dehio 2019).

The abundance of GTAs in nature is expected to be vast. Sampling data suggest
that marine bacterial genomes contain a significant number of GTA genes (Biers
et al. 2008; Roux et al. 2013; Zhang et al. 2018), and a recent in silico analysis
suggests that more than half the “prophage” predictions may instead be GTAs
(Kogay et al. 2019). Testing GTAs from one type of alpha-proteobacteria of the
Roseobacter clade showed a wide range of host targeting and interspecific gene
transfer frequencies, in the range of 10�3 to 10�1 (McDaniel et al. 2010). This
frequency represents ~6� 105 to 3� 107 times that of transduction, or from 2000 to
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5 � 108 times the frequency of transformation, previously measured in marine
environments (Jiang and Paul 1998; McDaniel et al. 2010; Williams et al. 1997).
While these likely represent overestimates of naturally occurring GTA-based
exchange frequencies, their maintenance in various branches of microbial life over
large evolutionary time scales, as well as the presence of similar homologs in viral
genomes, attest to a functional role (Redfield and Soucy 2018) (Biers et al. 2008;
Shakya et al. 2017).

Here, we provide an overview of what is understood about GTAs and outline the
range of symbiotic prokaryotes where active GTA particles and GTA gene homo-
logs have been experimentally or bioinformatically detected. As prokaryotic sym-
bionts form complex, environmentally relevant relationships, and many are
considered pathogenic to higher eukaryotes, we highlight organisms known to
form well-defined symbiotic associations. To date, the overwhelming majority of
molecular and genetic information, as well as completely annotated genomic
sequence data, is available for symbionts of the alpha-proteobacteria class, which
range from marine microbes and plant-associated nitrogen-fixers to endosymbiotic
mutualists and blood parasites. As such, this review highlights what is known about
GTAs and GTA genes and speculates on other potential functions outside of HGT,
for this large set of symbiotic bacteria. The established link between the earliest
diverging alpha-proteobacteria and the formation of a proto-mitochondrial lineage is
considered, in the context of estimated introductions of GTA-related homologs, and
we discuss what is understood for GTAs as far removed as archaea.

2.2 Prototypical Gene Transfer Agent: Rhodobacter
capsulatus GTA

The most well-understood GTA system, first discovered in 1974, is that of the
purple-nonsulfur marine bacterium Rhodobacter capsulatus (Marrs 1974). This
model has been intensively studied due to its highly branched electron transport
chain and the ability to grow under a wide variety of conditions. The cell cultures of
R. capsulatus were found to transfer genes between bacterial strains without the
detectable presence of bacteriophage or cell–cell contact (Solioz et al. 1975).
Detailed electron microscopy images revealed that the cultures of R. capsulatus
in vitro formed phage-like particles that structurally resembled Siphoviridae bacte-
riophage (Yen et al. 1979). Siphoviruses, such as Lambda and HK97, are typically
characterized by an un-enveloped icosahedral capsid, on the order of 60 nm in
diameter, that carries approximately 50 kb of a double-stranded DNA (dsDNA)-
based viral genome (Helgstrand et al. 2003; Hendrix and Johnson 2012). The capsid
is attached to a flexible, noncontractile tail structure, typically in the 135 to 260 nm
length range (Duda et al. 1995; Plisson et al. 2003; Vegge et al. 2005). The phage-
like particles produced by R. capsulatus represent a smaller variation on
Siphoviridae, with a head size of ~30 nm, carrying <10% the amount of DNA
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(~4.5 kb), with an ~50 nm tail length (Fig. 6.1) (Yen et al. 1979). As these phage-like
particles are responsible for carrying out HGT activity in vivo, these particles are
now directly referred to as “gene transfer agents” or GTAs in the literature.

The R. capsulatus GTA (RcGTA) is primarily encoded by a cluster of 15 genes
spanning a ~ 14 kb genomic region, conserved in the order Rhodobacterales (Biers
et al. 2008; Lang and Beatty 2000, 2007). Akin to siphoviruses and tailed bacterio-
phages of the order Caudovirales, this structural “head-tail” gene cluster is organized
discretely in units that involve open-reading frames (ORFs) predicted to encode
DNA head-packing enzymes, head morphogenesis, and tail morphogenesis proteins
(Fig. 2.1) (Lang and Beatty 2007; Lang et al. 2012). Even ORFs annotated as
“conserved hypothetical protein” at this time show clear homology to other phage
proteins. While the majority of the structural cluster gene products are involved in
the formation of GTA particles, several products are not found in association with
purified particles, two of which were not originally ascribed gene numbers (Chen
et al. 2009; Lang et al. 2017). In addition to these structural cluster RcGTA genes,
other essential structural genes have been identified elsewhere in the R. capsulatus

Fig. 2.1 Genetic elements involved in GTA production in Rhodobacter capsulatus. The red line
represents the genome of R. capsulatus, while shaded arrows indicate predicted ORFs associated
with RcGTA production. Locus information and the lengths of predicted ORFs, gene clusters, and
intervening genomic regions are indicated in kilobases (kb). ORF colors indicate an association
with DNA packing (purple), head morphogenesis (blue), tail morphogenesis (orange), and matura-
tion/release of active particles (red). A model of a representative RcGTA particle is shown in the
center, with capsid and tail sizes indicated in nanometers (nm) and the length of DNA packaged
within the capsid is indicated (kb). Genome and particle representations are not to scale
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genome. These include two ORFs associated with the formation of head spikes and
one ORF encoding a tail protein required for the attachment of RcGTA particles to
other R. capsulatus cells (Hynes et al. 2016; Westbye et al. 2017). Several regulatory
genes are thought to have an integral role in the assembly and release of active
RcGTA particles, as described below.

2.2.1 Regulation of Particle Production and Release

Production of R. capsulatus GTA particles shares important features with the
replication cycle of Siphoviridae bacteriophage, though substantial distinguishing
features exist. Lysogenic prophages and GTAs are similar in that particles are not
produced until a specific trigger is met. However, while the lytic bacteriophage
phase can be induced at any time during the cell cycle, production of RcGTA
particles is tied to intracellular R. capsulatus signaling processes and regulation of
the cell cycle (Fig. 6.2) (Lang and Beatty 2007; Lang et al. 2017). It was recently
reported that a helix-turn-helix DNA binding protein, now called GafA, is the central
regulator of RcGTA structural gene cluster expression (Fogg 2019). Mutational
analyses of gafA (rcc01865), along with an adjacent gene involved in virion matu-
ration (rcc01866), revealed a requirement for these protein products in the produc-
tion of functional RcGTAs (Hynes et al. 2016; Lang et al. 2017). A number of
reports indicate that RcGTA production is governed by an integrated signaling
network that regulates gafA expression, starting with the sensing of environmental
signals through the quorum sensing system, as described below.

Quorum sensing (QS) and, specifically, the proteins GtaI and GtaR play an
important role in triggering RcGTA production (Leung et al. 2010; Schaefer et al.
2002; Solioz et al. 1975). Homologous to the well-studied LuxI and LuxR proteins
of Escherichia coli, these systems regulate multiple group-oriented behaviors,
including pathogenicity in humans, symbiosis in plants, HGT, extracellular poly-
saccharide production, and biofilm formation (Bottomley et al. 2007; Koppenhöfer
et al. 2019; Leung et al. 2012; Mellbye et al. 2017; Nadell et al. 2008; Tang et al.
2020; Tun-Garrido et al. 2003). GtaI promotes the synthesis of two long-chain N-
acyl-homoserine lactone (HSL) signaling molecules. These acyl-HSLs are diffus-
ible, membrane-permeable compounds that act as cues for intra- and inter-cellular
signaling. In the absence of acyl-HSL produced by GtaI, GtaR acts as a negative
repressor of the gtaIR operon and indirectly represses transcription of the RcGTA
structural cluster (Leung et al. 2012; Leung et al. 2010). When GtaR binds to HSL
ligands in the cytoplasm, this leads to a range of gene expression changes including
upregulation of gafA (Fig. 2.2) (Lazdunski et al. 2004). In addition, RcGTA particle
production can also be stimulated by several acyl-HSLs not produced by
R. capsulatus itself (Leung et al. 2012).

Cell cycle signaling processes also have a major impact on gafA expression. In
the classic cell cycle paradigm, defined in the asymmetrically dividing, dimorphic
marine Caulobacter crescentus system, the sensor histidine-kinase CckA activates
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the response-regulator CtrA via a Chp-T-mediated phosphotransfer relay (Fig. 2.2)
(Iniesta et al. 2006; Jacobs et al. 2003; Laub et al. 2002). This relay, conserved for a
majority of alpha-proteobacteria, is additionally dependent on the membrane-
associated DivL pseudo-kinase (Childers and Shapiro 2014; Westbye et al. 2018).
Depending on a variety of intrinsic factors, the “master regulator,” a transcription
factor called CtrA, is responsible for upregulating and downregulating specific sets
of genes, as well as modulating access of the chromosomal replication initiation
protein DnaA to the origin of replication (ori) (Gorbatyuk and Marczynski 2005;
Laub et al. 2002; Ozaki 2019). Despite sharing 71% sequence identity with
Caulobacter CtrA, R. capsulatus CtrA function may have diverged, as it is no longer
essential for cell cycle progression in these alpha-proteobacteria (Lang and Beatty
2000). Nonetheless, CtrA is involved in the pleiotropic regulation of ~6% of

Fig. 2.2 Summary model for the integration of R. capsulatus GTA expression, two-component
system phosphorelay regulation and the QS/DNA damage repair pathway. A donor cell is depicted
with inner and outer membranes shown in purple and black. A signaling cascade, starting from the
left, leads to activation of RcGTA gene transcription, the production/assembly of functional GTA
particles, and, ultimately, membrane lysis depicted to the right. The R. capsulatus genome is
indicated in maroon, with gene/ORF start positions indicated with hooked arrows, using the same
color conventions as in Fig. 2.1. Lines that represent different types of mechanistic interactions are
color-coded as indicated by the legend
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R. capsulatus genes (Mercer et al. 2010). Furthermore, levels of the cytoplasmic
CtrA protein, which fluctuate over the cell cycle due to degradation by ClpXP, are
integral to producing functional RcGTA particles (Fig. 2.2) (Westbye et al. 2018;
Westbye et al. 2013). Cells deficient for ClpX produce and release particles lacking
DNA and incapable of transduction. At the molecular level, both GtaR and
unphosphorylated CtrA have been shown to activate gafA expression. As GafA
upregulates its own expression, it also promotes the expression of the core GTA
structural cluster (Fig. 2.2) (Fogg 2019).

In addition to unphosphorylated CtrA, the phosphorylated form of the CtrA
transcription factor is also essential to the completion of RcGTA particle formation
(Fogg 2019; Kuchinski et al. 2016). Genes that encode RcGTA tail fibers (rcc00171)
and head spikes (rcc01079–01080) are regulated by phospho-CtrA, in addition to the
upregulation of gafA expression (Fig. 2.2). Transcriptomic microarray data show
that an additional transcript, rcc00645, which encodes a sensory PAS domain
containing GGDEF/EAL protein, is coexpressed (Peña-Castillo et al. 2014). These
predominantly cytoplasmic enzymes are known to regulate the production of an
important bacterial nucleotide messenger bis-(30–50) cyclic dimeric GMP (c-di-
GMP) (Dubey et al. 2016; Jenal et al. 2017; Lori et al. 2015). In the case of
R. capsulatus, four such GGEDF-containing proteins, encoded additionally by
rcc00620, rcc02629, and rcc02857, have been demonstrated to inhibit both
RcGTA particle production and flagellar motility, whereas a lower abundance of
c-di-GMP favors both processes (Fig. 2.2) (Pallegar et al. 2020). This dynamic
mechanism is regulated through competition between the diguanylate cyclase activ-
ity of GGDEF domains, which synthesize c-di-GMP, and the phosphodiesterase
activity of EAL domains, which inactivate c-di-GMP (Simm et al. 2004).

EAL domain proteins linearize the c-di-GMP molecule to generate
50-phosphoguanylyl-(30–50)-guanosine, or pGpG. Subsequent cleavage of pGpG
into two molecules of GMP, by an oligoribonuclease, helps to maintain homeostasis
of c-di-GMP within the cytoplasm (Orr et al. 2015; Ross et al. 1990). As levels of
c-di-GMP are well known in C. crescentus for their impact on cell cycle progression,
via feedback onto CckA signaling, regulation of GGDEF/EAL protein activity is
central to CtrA phosphorylation status (Fig. 2.2) (Jenal et al. 2017; Römling and
Galperin 2017). Mutation of CtrA results in decreased expression of GGDEF/EAL
domain-containing proteins (Mercer et al. 2010), and c-di-GMP levels are inversely
correlated with gene transfer activity (Pallegar et al. 2020). Thus, intriguingly, this
class of enzymes ties together both cell cycle and GTA fields of investigation
(Fig. 2.2) (Dubey et al. 2016; Lori et al. 2015; Mann et al. 2016).

The mechanism by which CtrA serves as both transcriptional activator and
repressor of RcGTA gene expression has also recently been elucidated. Opposing
developmental phenotypes and transcriptional activities induced by CtrA occur
through a conserved determinant in the DNA-binding domain, sensitive to an
intrinsic signal produced during the stationary phase (Delaby et al. 2019). This
domain serves to reprogram CtrA-promoter preference during growth transitions
under the “stringent response”-based signal quanosine tetra/penta-phosphate,
(p)ppGpp. The fact that RcGTA expression requires a confluence of both
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phosphor-CtrA forms, as well as GafA, speaks to the extent of integration of this
HGT-mechanism with the stationary phase transition. Consistent with this view, it
was shown that HSLs promote RcGTA particle production by inactivating the
transcriptional repressor LexA, which normally suppresses cckA gene expression
(Fig. 2.2) (Kuchinski et al. 2016; Schaefer et al. 2002). LexA is considered central to
the so-called SOS DNA damage response; however, in this case, LexA
autoproteolytic cleavage occurs under oxidative stress in the absence of DNA
damage (Kuchinski et al. 2016). While the specific trigger for the membrane-
associated histidine kinase CckA is not yet resolved, GTA particle production is
responsive to phosphate concentration (Leung et al. 2010; Westbye et al. 2013),
salinity (McDaniel et al. 2012), and nutrient depletion (Westbye et al. 2017). The
role of a “partner switching” pathway, involving the conserved alpha-proteobacterial
rho-regulation proteins RbaV and RbaW, which are believed to recruit RNA poly-
merase, has also been implicated (Mercer and Lang 2014). Ultimately, however, the
release of mature GTA particles is only observed upon entry of bacterial cultures into
the stationary phase (Fogg et al. 2012; Mercer and Lang 2014).

After RcGTA particles are formed, their release occurs upon accompanying cell
lysis. This process requires a cluster of RcGTA holin and endolysin genes,
rcc00555–00556 (Chen et al. 2009; Hynes et al. 2012; Lang et al. 2012; Westbye
et al. 2013). Holins are multipass transmembrane proteins that can cluster together to
form a pore in the bacterial inner membrane (Saier and Reddy 2015; Wang et al.
2000; Young 2002). They are thought to allow endolysin enzymes to pass from the
cytosol into the periplasm, where they access the peptidoglycan-based cell wall.
Destabilization of the cell wall structure by endolysin leads to the rupture of the
bacterial plasma membrane, which expels RcGTA particles into the extracellular
environment. In addition to driving expression of the core RcGTA structural cluster
genes, GafA, in concert with GtaR, directs expression of the holin/endolysin gene
cluster (Fig. 2.2) (Sherlock et al. 2019). Cell culture experiments have indicated that
between 0.1 and 3% of cells within a given R. capsulatus population express the
RcGTA gene cluster and undergo lysis, while over 30% of stationary-phase cells
lyse in mutant overproducer strains (Fogg et al. 2012; Hynes et al. 2012). Recently, a
mutation in the rcc00280 gene was identified as responsible for this difference (Ding
et al. 2019). The Rc280 protein is believed to encode an extremely negatively
charged, Ca2+-binding, extracellular protein secreted through a Type I secretion
system-based process. While the mechanism is unknown, Rc280 appears to signal
a pathway repressing expression of the gafA gene, dampening GafA feedback, and
thereby inhibiting the switch to particle production (Fig. 2.2) (Ding et al. 2019).
Thus, in summary, the literature indicates that the initial production of RcGTA
particles, assembly of mature particles, and release are highly coordinated in a
step-wise and stochastic fashion (Lang and Beatty 2000; Mercer et al. 2012;
Westbye et al. 2017).

The primary RcGTA structural gene cluster is ~14 kb, well in excess of the
~4.5 kb carrying capacity of RcGTA particles (Lang and Beatty 2000; Yen et al.
1979). Empirical observation further shows significant underrepresentation of the
RcGTA-encoded structural gene cluster in the particles that are produced. This is
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attributed to the hyperexpression of the structural cluster genes in the subset of cells,
which blocks access by DNA-processing “terminase” enzymes (Hynes et al. 2012).
The RcGTA terminase has homology to nonsequence-specific T4-like phages, such
as P22, Mu, and T4 (Hynes et al. 2012; Yen et al. 1979). In such cases, the terminase
makes an endonucleolytic cut in host DNA, joining it to the assembling capsid
through interaction with the portal protein and packaging linear dsDNA genome into
the capsid to form a highly ordered, condensed structure. In a process termed
“headful packaging,” a second cut terminates DNA packaging and allows dissoci-
ation from the packaged structure, then processively initiates linkage to another
prohead (Alam et al. 2008; Black and Rao 2012; Rao and Black 2010). While most
siphoviruses produce blunt end phage dsDNA (Casjens and Gilcrease 2009), it is
interesting to note that RcGTA particles contain 30 overhangs, thus DNA inside
particle-producing cells may form “concatamers” for packaging inside particles
(Hynes et al. 2012). Data are consistent with a model in which the RcGTA-g2
terminase cleaves host nucleic acid with little-to-no sequence specificity and pro-
ceeds in a phage-like “headful packaging” mechanism (Casjens and Weigele 2005;
Feiss and Rao 2012; Hynes et al. 2012).

2.2.2 Recipient Cell Regulation and Natural Homologous
Recombination

Similar to active bacteriophages, which target a specific range of recipient cells,
RcGTA particles appear to also have limited species specificity (Wall et al. 1975).
Many surface-exposed structures, such as lipopolysaccharides, outer membrane
proteins, and extracellular polysaccharide (EPS), have been shown to function as
phage receptors (Choy et al. 1975; Rakhuba et al. 2010). As EPS surrounds most
R. capsulatus strains and phage-resistant strains lack a polysaccharide capsule, it is
thought that EPS functions in RcGTA binding and adsorption (Brimacombe et al.
2013; Flammann and Weckesser 1984; Weaver et al. 1975). At the level of the
RcGTA particle, head spikes (rcc01079–rcc01080) are required for polysaccharide
binding, and tail fibers (rcc00171) are expected to mediate direct attachment to the
cell surface, as is typical for siphoviruses (Hynes et al. 2016; Westbye et al. 2017).

Transfer of DNA into recipient cells by RcGTA particles is thought to occur in a
manner similar to siphovirus transduction (Fig. 2.3) (Brimacombe et al. 2015;
Westbye et al. 2017). Infection by noncontractile, tailed phages typically involves
a tape measure protein (TMP) structure that initially nests within the tail fiber. After a
target cell is bound, the TMP acts as a telescoping extension of the tail into the
recipient cell, traversing the outer membrane, periplasm, and cytoplasmic membrane
(Davidson et al. 2012). In RcGTA particles, however, the TMP is much shorter than
typical noncontractile tailed phage (only 219 amino acids vs. 600 amino acids),
suggesting that it does not access the cytosol. Thus, donor DNA passage through the
periplasm is thought to be facilitated by the peptidoglycan layer degrading enzyme
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p14, encoded by ORF g14 of the RcGTA structural cluster (Figs. 2.1 and 2.3)
(Brimacombe et al. 2015; Fogg et al. 2012). RcGTA-delivered dsDNA further
requires the inner membrane transporters ComEC and ComF for recipient cell
infectivity (Draskovic and Dubnau 2005; Johnston et al. 2014; Mell and Redfield
2014). Passage via these transport proteins results in single-stranded donor DNA
(ssDNA) transfer into the cytoplasm (Fig. 2.3). Therefore, although the precise
mechanism is unclear, import of donor DNA from RcGTA particles is thought to
involve natural transformation mechanisms, distinct from temperate phages that

Fig. 2.3 Summary model for the integration of R. capsulatus recipient cell GTA adsorption,
two-component phosphorelay, and the QS/natural transformation pathway. Recipient cell depicts
uptake of functional RcGTA particles, magnified at upper left, through the inner/outer membranes
and periplasm, and expressing natural transformation competence proteins associated with efficient
GTA uptake and potential recombination into a new host. The R. capsulatus genome is shown as in
Fig. 2.1, with gene/ORF start positions indicated by hooked arrows. Interactions are listed in the
legend, color-coded to indicate the interaction type supported by experimental data. A question
mark indicates an unknown role for that protein. A portion of this figure was adapted from
Brimacombe et al. 2015, Fig. 2.5, with permission of the authors
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inject dsDNA directly into the cytoplasm (Brimacombe et al. 2015; Fogg et al. 2014;
Groth and Calos 2004).

The integration of RcGTA donor DNA into a new host chromosome involves
proteins that are also classically associated with the natural transformation (Fig. 2.3).
Incoming ssDNA is initially bound by the DNA-specific, cytoplasmic recombination
mediator protein DprA (Johnston et al. 2014). The dprA gene, expressed in essen-
tially all cells in a population, is coregulated along with competence genes comEC,
comF, and comM by the transcriptional regulator CtrA (Fig. 2.3) (Brimacombe et al.
2015). In turn, CtrA levels and phosphorylation status are regulated through QS
signals, the production of HSLs, and the LexA transcriptional repressor
(Brimacombe et al. 2013; Kuchinski et al. 2016). While its specific function is
unknown, the comM gene is required for recipient capability in R. capsulatus, as
well as maximal transformation efficiency in other systems (Brimacombe et al. 2015;
Sinha et al. 2012). Another key mediator of RcGTA donor DNA integration into the
recipient cell genome is the recombination protein RecA, a protein otherwise
associated with SOS response-induced DNA repair. Recruited by DprA, RecA
forms filaments along incoming ssDNA and, based on the presence of sufficient
homology, is thought to facilitate recombination (Fig. 2.3) (Brimacombe et al. 2014;
Mortier-Barrière et al. 2007; Yadav et al. 2014). Expression of the radC gene is also
upregulated during competence in R. capsulatus (Brimacombe et al. 2014), and
homologs of this factor have been shown to contribute to recombination in other
systems (Attaiech et al. 2008; Lloyd and Rudolph 2016). The observation that
efficiency of transduction by RcGTAs is much higher than that of generalized
transducing phage is attributed to the synchrony of donor and recipient cell
populations, through precise coordination of particle release and uptake.

2.3 Alpha-Proteobacterial Homologs of the R. capsulatus
GTA System

Awareness that RcGTAs facilitate HGT has opened questions about the prevalence
of this mechanism across organismal systems. Two recent, comprehensive bioinfor-
matics studies have revealed that close homologs of RcGTA genes are carried by
many alpha-proteobacterial species, likely as a result of multiple integration events
(Kogay et al. 2019; Shakya et al. 2017). The primary structural cluster of RcGTA
genes appears to have been introduced to the alpha-proteobacteria after the diver-
gence of Rhodospirillales (Fig. 2.4), estimated to have occurred between 777 and
1710 million years ago (Kogay et al. 2019; Luo et al. 2013; Shakya et al. 2017). This
cluster of RcGTA genes, referred to as the “Large Cluster” (LC), has markedly
higher GC content than host genomes on average. The LC is also predominantly
flanked by the same genes, not only across alpha-proteobacteria, but also for other
systems that have horizontally acquired these LCs from alpha-proteobacteria. This
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Fig. 2.4 Distribution of RcGTA gene clusters within alpha-proteobacterial endosymbiont species.
Only species reported to form symbiotic associations in the published literature are presented (see
text for description), along with associated outgroups (unshaded). Genus designations are listed,
with the number of species containing either RcGTA large clusters, small clusters, or both, given in
parentheses. ^ indicates a genus that also contains BaGTA homologs (see Fig. 2.5 and text for
further information). Host, environment, and symbiosis type are indicated in the columns on the
right side. Arrows indicate the predicted evolutionary introductions of progenitor RcGTA-like
phage, in billions of years ago (bya), as well as an approximation for the origin of the
protomitochondrial ancestor (proto-mito). Brackets indicate cases in which the NCBI classification
is not reflected by this display. Scale bar indicates substitutions per site. Phylogenetic relationships
and distances are based upon the maximum likelihood phylogeny of 255 α-proteobacteria species
shown in Shakya et al. 2017, Supplemental Fig. S3
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includes species of actinobacteria, cyanobacteria, and gamma-proteobacteria
(Shakya et al. 2017).

In addition to the introduction of the LC, a progenitor to the RcGTA structural
cluster is also thought to have integrated into alpha-proteobacteria after the diver-
gence of its basal-most Magnetococcus lineage, some 1650–2390 million years ago
(Fig. 2.4) (Battistuzzi et al. 2004; Shakya et al. 2017). Subsequent to this introduc-
tion, rearrangement and losses of ancestral sequence are believed to have resulted in
fragmentation, yielding subsets of homologous ORFs, referred to as “small clusters”
(SCs). The SC genes are distinguishable from LCs in that the SCs generally exhibit
GC content similar to that of the host, as well as variation in genomic position and
identity of flanking genes. In many instances, rearrangements have resulted in
individual, isolated RcGTA homologs, or singlets, also often closely associated
with prophage-orthologous sequences (Kristensen et al. 2013; Shakya et al. 2017).
For the purposes of analysis, SCs were defined as having less than 9 of the total
17 ORFs associated with the RcGTA (g1–g15, with the addition of g3.5 and g10.1
ORFs, considered supplemental to a functional phage-like particle). While an
intuitive interpretation would be that SC genes simply represent a decaying form
of an evolutionary precursor to the LC, analyses of pseudogene frequency are not
consistent with that prediction. An alternative is that these retained SC homologs
have ongoing utility for the cells that carry them (Shakya et al. 2017). An increasing
loss of the structural and regulatory homologs has been reported for orders removed
from Rhodobacterales, when considering the GTA-related genes outside of the
“head-tail” structural LC, namely, the ORFs encoding putative head spikes, tail
fibers, holin/lysin release factors, as well as the GafA transcriptional regulator. It is
possible that the faster rates of evolution associated with these genes may have
limited their detection across diverse bacterial systems thus far (Hynes et al. 2016).

As alpha-proteobacteria include many symbiotic lineages, the prevalence of
RcGTA homologs within this class implies that many symbiotic bacteria must
necessarily also retain a subset of these homologs. In carrying out this review, all
named strains that reportedly carry RcGTA structural cluster homologs were col-
lated (Biers et al. 2008; García-Aljaro et al. 2017; Hynes et al. 2016; Lang and Beatty
2007; Paul 2008; Shakya et al. 2017; Tamarit et al. 2018). The strains were then
cross-referenced with the Kyoto Encyclopedia of Genes and Genomes (Kanehisa
et al. 2017; Kanehisa and Goto 2000; Ogata et al. 1999) to identify those confirmed
as completely sequenced, with an assembled and annotated genome. Following this,
hundreds of research papers and field databases were mined for evidence of the
symbiotic properties associated with each strain. We considered that symbionts may
associate with either the exterior or interior of host cells, within a variety of
environmental, industrial, and organismal settings. As symbiosis represents a spec-
trum of interactions, we further considered that these organisms potentially act as
mutualists, commensals, or parasites, with these outcomes often directed by the
symbiont/host combination (Fig. 2.4) (Ferri et al. 2011; Gillespie et al. 2014; Moran
et al. 2008; Wernegreen 2012). Results were consolidated at the species level, with
strain examples identified for each, to fit within the scope of this review.

In summary, this analysis indicated that 66 out of 117 alpha-proteobacterial
species reported to carry RcGTA homologs ultimately fall under the classification
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of “symbiont” (Fig. 2.4). All Rickettsiales species reported to date as carrying
RcGTA homologs (n ¼ 22), and 28 of 47 Rhizobiales species, were identified as
symbionts. This was also the case for 1 of 8 Sphingomonadales species, 9 of
25 Rhodobacterales species, 5 of 12 Rhodospirillales species, and 1 of 3 unclassified
species. The full range of mutualism to parasitism was generally represented across
lineages (Fig. 2.4). No symbiotic species were identified for lineages of
Parvularculales (n ¼ 1) or Caulobacterales (n ¼ 6) predicted to retain RcGTA
homologs. Here, we highlight selected organisms from each order of symbiotic
alpha-proteobacteria from this analysis and provide greater detail on the RcGTA
homologs associated with each taxonomic class.

2.3.1 Order Rhodobacterales

In parallel to the model system R. capsulatus, the majority of Rhodobacterales are
thought to carry RcGTA structural genes (Shakya et al. 2017). Pelagic genera of
Rhodobacterales have been commonly discussed in the literature (Elifantz et al.
2013; Ghai et al. 2012), with many species expected to act as symbionts, particularly
with respect to the Roseobacter clade (Crenn et al. 2018; Geng and Belas 2010;
Riclea et al. 2012). Of the RcGTA-carrying Rhodobacterales that have been specif-
ically identified as symbionts to date, many have been found in association with algal
species (Crenn et al. 2018). These include Ruegeria pomeroyi DSS-3, Ruegeria
sp. TM1040, Phaeobacter gallaeciensis DSM 26640, Phaeobacter inhibens DSM
17395, Roseobacter litoralis Och 149, and Roseobacter denitrificans Och 114. On a
case-by-case basis, these species have been found to act as algal mutualists (Buchan
et al. 2005; Durham et al. 2017; Durham et al. 2015; Geng and Belas 2010;
Kalhoefer et al. 2011; Miller and Belas 2004; Seyedsayamdost et al. 2011; Swingley
et al. 2007) or switch from mutualist to algicidal in response to algal cues (Bramucci
et al. 2018; Riclea et al. 2012; Seyedsayamdost et al. 2011; Wang and
Seyedsayamdost 2017). Pseudovibrio sp. FO-BEG1 has been found in association
with black-band disease samples from coral (Bondarev et al. 2013) and
Ketogulonicigenium vulgare WSH-001 takes part in metabolic symbioses with
Bacillus megaterium in the context of industrial fermenters (Jia et al. 2015; Zhou
et al. 2013). As both algal blooms and biofilms are ideal environments for commu-
nication via diffusible molecules, QS signals are believed to play an intricate role in
the coordination of Rhodobacterales populations (Cude and Buchan 2013).

The majority of Rhodobacterales are predicted to carry sets of RcGTA LC genes,
accompanied by SCs in some cases (Fig. 2.4) (Tables 2.1 and 2.2). This is exempli-
fied by Dinoroseobacter shibae, the most well-studied alpha-proteobacterial GTA
system outside of R. capsulatus, which carries a homologous cluster termed the
DsGTA (Tomasch et al. 2018; Wang et al. 2014a). Believed to play a substantial role
in global biogeochemical sulfur cycling, D. shibae was originally isolated in asso-
ciation with the dinoflagellate alga Prorocentrum lima (Biebl et al. 2005; Wagner-
Döbler et al. 2010). It also acts as a mutualist of toxic, red-tide forming P. minimum
(Wang et al. 2014a). The DsGTA structural operon carried by this species is a well-
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Fig. 2.5 RcGTA structural gene cluster variations within symbiotic alpha-proteobacterial orders.
Arrows represent the predicted RcGTA ORFs, with coloration used to indicate similar predicted
particle functions. Green coloration indicates ORF with homology to POG database, of presumed
viral origin. Numbers within or below arrows indicate RcGTA homologs where, for simplicity, “g”
is left out of annotations (i.e., g1, g2 etc.). (a) Large cluster gene representations of two
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preserved genetic module within the Roseobacter clade (Fig. 2.5a) (Table 2.1) (Luo
and Moran 2014; Newton et al. 2010; Shakya et al. 2017).

Although the production of HGT-competent particles has not been described for
many alpha-proteobacteria in general,D. shibae has been shown to produce particles
capable of horizontal transfer. Analogous to RcGTAs, DsGTA particles contain
~4.2 kb DNA fragments with a head diameter of 33 nm and a tail length of 48 nm
(Tomasch et al. 2018). DsGTA particle production is regulated by the QS system
through Lux-type autoinducer synthesis, which coordinates expression of other
highly adaptive traits such as flagella, expression of the Type IV secretion system
(T4SS), and morphological heterogeneity (Patzelt et al. 2013; Wang et al. 2015;
Wang et al. 2014b). The central CtrA transcription factor and c-di-GMP levels play a
role in differentiation into particle producing and nonproducing cells (Koppenhöfer
et al. 2019). DsGTA particles are also thought to proceed via “headful-type”
packaging (Patzelt et al. 2013; Tomasch et al. 2018). In contrast to R. capsulatus,
the packaging of the D. shibae genome into DsGTA particles does not appear
random. Multiple chromosomal regions are over-represented in packaged particles,
with sequencing indicating that peak coverage is initiated at seven sites in the 4.4 Mb
genome (Patzelt et al. 2013; Tomasch et al. 2018). In addition, it is thought that GC
content, DNA modification, and chromatin structure influence GTA packing at
initiation sites (Tomasch et al. 2018; Wagner-Döbler et al. 2010). As D. shibae
also harbors rcc00555–rcc00556 homologs, it has been suggested that the release of
DsGTA particles proceeds through the activity of endolysin/holin enzymes (Lang
et al. 2017). Parallel to R. capsulatus, induction of the SOS response is implicated in
recipient cell capability and chromosomal integration (Koppenhöfer et al. 2019).

Eight other symbiotic Rhodobacterales species have also been predicted to carry
LC homologs (Fig. 2.4). Considered to be vertically inherited in Rhodobacterales
(Hynes et al. 2016) and predominantly capable of species-specific HGT (Weaver
et al. 1975), this group of organisms carries the most complete RcGTA sets for all
symbionts examined to date (Table 2.1). DNA head packing, head morphogenesis,
and tail morphogenesis genes are all represented, in some cases entirely, such as for
P. gallaeciensis DSM-26640, P. inhibens DSM-17395, and Ruegeria sp. TM1040.
Empirical data help to further frame the significance of these LC ORF predictions, as
GTA gene expression and particle release have also been demonstrated for Ruegeria
pomeroyi DSS-3 (Biers et al. 2008). As neither R. pomeroyi DSS-3 nor D. shibae
DFL-12 carry detectable homologs of the conserved hypothetical protein g1

⁄�

Fig. 2.5 (continued) Rhodobacterales species. Rhodobacter capsulatus GTA structural cluster
ORFs are shown alongside homologous loci ofDinoroseobacter shibae.Asterisks indicate products
not detected in association with purified particles. HP indicates coding for a “hypothetical protein”
(Chen et al. 2009; Hynes et al. 2016). (b) Large and small cluster gene representations of
Rhizobiales species Brucella melitensis bv. 1 str. 16 M and Rhizobium sp. IRBG74. (c) Small/
fragmented cluster gene representations of the Rhodospirillales species Gluconacetobacter xylinus
NBRC 3288. (d) Small/fragmented cluster gene representatives of the Rickettsiales species
Anaplasma phagocytophilum str. HZ, Ehrlichia chaffeensis str. Arkansas and the wMel strain of
Wolbachia pipientis. All homologous ORF cluster representations are to scale by length, indicated
in kilobases (kb), based upon Shakya et al. 2017, Supplemental Fig. S5 and S6
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(Table 2.1), otherwise essential for RcGTA production in R. capsulatus (Hynes et al.
2016), this finding opens the possibility that “incomplete” LCs may encode func-
tional GTAs for other systems.

In addition to the already extensive complement of LC genes, Rhodobacterales
symbionts have been predicted to carry SC genes as well (Fig. 2.4) (Table 2.2). Some
of the Phaeobacter and Ruegeria symbionts are predicted to carry capsid and tail-
related genes ranging from g3 to g7, at times in multiple copies. In the case of
Phaeobacter gallaeciensis DSM � 26,640, one such cluster that contains both the
predicted portal protein and the major capsid protein was found residing on an
extrachromosomal plasmid. Minimal complements of SC genes are predicted in
other Ruegeria and Roseobacter species, such as a single copy of the cell wall
protease g14 in R. pomeroyi DSS-3. The SC set for K. vulgare WSH-001 differs
from the marine symbionts described above, with predicted inclusion of more tail-
related ORFs (Table 2.2). Given the robust presence of LCs in these organisms, the
data suggest that SC homologs are not being retained as strategic compensation for
LC gene loss. Pseudovibrio sp. FO-BEG1, which in this analysis happens to cluster
phylogenetically with the Rhizobiales, contains a single LC locus and no detectable
SC genes at all (Fig. 2.4) (Table 2.1).

2.3.2 Order Rhizobiales

Rhizobiales, an order representing an array of microbes that act as pathogens of
mammals and plants (Brucella, Ochrobactrum, and Bartonella species), as well as a
range of soil and plant rhizome-associated nitrogen-fixing mutualists, are predicted
to contain a broad range of RcGTA homologs. Brucella species infect erythrocytes
in a wide range of mammals, including pinnipeds, rodents, ruminants, canines,
swine, and horses, with humans regarded mainly as incidental hosts (de Figueiredo
et al. 2015). Communicated predominantly by contact with infected animal tissues
and/or fluids, including unpasteurized milk, Brucella species cause various fevers
and diseases, but are perhaps most known for inducing contagious/spontaneous
abortions in animal herds (Olsen and Palmer 2014; Xavier et al. 2010). Species of
Bartonella are primarily regarded as vector-borne pathogens of mammals (Chomel
et al. 2009b), transmitted by sandflies, biting flies, lice, and possibly ticks. Ulti-
mately, vector-based transmission leads to infection of mammalian erythrocytes
(Cheslock and Embers 2019; Chomel et al. 2009a). For both Brucella and
Bartonella, some extent of commensalism is suggested by reports of asymptomatic
canines, felines, rats, and other small mammals carrying these infections (Cheslock
and Embers 2019; Olsen and Palmer 2014). By contrast, Ochrobactrum anthropi str.
ATCC 49188 is an emerging pathogen of immunocompromised humans, and the
subtype of a species that is otherwise found in association with soil, plants, inver-
tebrates, and vertebrate animals (Romano et al. 2009).

Despite the shared pathogenic properties of these symbionts, considerable vari-
ation is evident in terms of their predicted RcGTA homologs. Of the RcGTA-
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carrying Brucella species identified to date, seven of eight carry LC genes only, and
in most cases, the cluster appears largely intact (Fig. 2.4) (Table 2.1) (Shakya et al.
2017). Currently available data suggest that losses of g1 and g3.5 have already
occurred and losses of g10.1 are ongoing (Table 2.1). The significance of these
losses is not fully understood, yet g3.5 and g10.1 are considered dispensable for
particle production (Hynes et al. 2012). The LC of B. ovis ATCC 25840 is note-
worthy in that five predicted ORFs appear to have become pseudogenized (Shakya
et al. 2017). B. melitensis bv. 1 str. 16 M also bears mentioning, as the loss of
predicted head and tail ORFs g4–g8 differs from other strains that predominantly
retain intact LCs (Fig. 2.5b) (Table 2.1). The predicted RcGTA homologs reported
for B. ceti TE28753–12, otherwise given an “SC” designation, also lack g4–g8 as
well as g11–g12, implying derivation from a similarly degraded LC homolog
(Table 2.2). While this may also be the case for the largest SC predicted in
O. anthropi ATCC 49188, more accurate phylogenetic resolution is required. Inter-
estingly, both O. anthropi ATCC 49188 and Bartonella grahamii as4aup contain
predicted singlet ORFs of the portal protein g3 (Table 2.2). All other strains of
B. grahamii are notable for the absence of any RcGTA homologs, yet they contain a
Bartonella-specific GTA, which will be described in greater detail below in
Sect. 2.4.1 (Québatte and Dehio 2019; Tamarit et al. 2018).

Predicted RcGTA homologs are also noted for Rhizobiales species predominantly
found as nitrogen-fixating symbionts of leguminous plants. Bacteria of the genera
Mesorhizobium, Sinorhizobium, Rhizobium, Bradyrhizobium, Azorhizobium, and
Methylobacterium colonize plant roots, driving the formation of nodule structures.
For many Rhizobiales species, this involves inducing the root to create cellulosic
tube structures, facilitating entry into the root by endosymbionts (Huisman et al.
2012; Oldroyd et al. 2011). For some Bradyrhizobium, Azorhizobium and
Methylobacterium species, an alternate “crack entry” mechanism is implicated, in
which the bacteria invade small, natural cracks near root junctions, and then enter
root cells via endocytosis (Coba de la Peña et al. 2017; Reddy et al. 1997;
Senthilkumar et al. 2009). Through more invasive mechanisms, Agrobacterium
species A. vitis str. S4 and A. fabrum str. C58, formerly named Agrobacterium
tumefaciens strain C58 (Huo et al. 2019), induce tumorous growths referred to as
“crown gall disease” in major crop plants (Escobar and Dandekar 2003; Slater et al.
2009). Notably, some Agrobacterium species are avirulent, such as Agrobacterium
sp. H13–3 (Wibberg et al. 2011), and others antagonize pathogenic Agrobacteria, as
is done by A. radiobacter str. K84 (Slater et al. 2009).

With respect to predicted RcGTAs homologs, the Rhizobiales are the most
diverse order under consideration (Fig. 2.4). While phylogenetically most proximal
to the Rhodobacterales, the two representative Methylobacterium species with
completed genome sequences available for comparison, Methylobacterium
sp. 446 and M. nodulans ORS 2060, appear to have diverged substantially with
respect to RcGTA ORF content. While Methylobacterium sp. 446 retains a collec-
tion of predicted ORFs more closely resembling Brucella ceti strains, also given the
“SC” designation, M. nodulans ORS 2060 contains not only five LCs with similar
composition but also multiple SCs (Tables 2.1 and 2.2). Four of the five LCs contain
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the putative head components g3 and g5, while all five contain not only the tail-
associated g8–g10 and g12–g15 ORFs but also copies of the rcc00171 tail fiber and
rcc00555 endolysin homologs immediately downstream at the 30-end of the g15
ORF (Shakya et al. 2017). While only one of the M. nodulans ORS 2060 LCs has
retained a copy of the putative g2 terminase, three singlet ORFs for g2 exist
elsewhere in the genome, along with two g3–g6 capsid-containing SCs, and the
only g4 putative prohead-protease homologs. Among the symbionts discussed in this
review, M. nodulans ORS 2060 thus displays the greatest potential for complemen-
tation with regard to RcGTA LC and SC ORFs, allowing for functional speculation
in this regard. The anecdotal evidence of LC linkage to other predicted tail-fiber and
endolysin homologs suggests that a progenitor RcGTA-like element may have
included these additionally relevant ORFs, in what is now considered the main
structural “head-tail” cluster (Shakya et al. 2017).

Of the Rhizobial lineages branching from Methylobacterium, Azorhizobium
caulinodans ORS-571 has retained a predicted LC, curiously with a pseudogenized
g4 prohead protease ORF. By contrast, Bradyrhizobium species carry either singlets
or, at most, one SC consisting of predicted g3, g5, and g6 ORFs. For two other
symbiotic Bradyrhizobium species from this analysis, B. oligotrophicum S58 and
B. diazoefficiens USDA 110, there is a complete absence of predicted RcGTA
homologs (Shakya et al. 2017). This pattern of RcGTA LC-complement retention
in earlier diverging lineages, followed by the loss in latter branching lineages, is
essentially recapitulated for the remaining Rhizobiales symbionts. While
Agrobacterium species predominantly retain both LCs and SCs, the single “LC” of
Rhizobium sp. IRBG74 lacks central ORFs (Fig. 2.5b), and other Rhizobium species
retain only SC versions of g3–g10 ORFs or are entirely devoid of predicted RcGTA
homologs (Tables 2.1 and 2.2). It is worth mentioning that while some of the LC
ORFs of Agrobacterium fabrum str C58 are predicted to have been pseudogenized,
one of the SCs in Agrobacterium vitis S4 can be found on an extrachromosomal
plasmid, indicative of the vast genetic/allelic variation and rearrangement occurring
throughout this genus. Finally, while the mutualistic Sinorhizobium species contain
SCs with a complete set of predicted head-morphogenesis ORFs, i.e., g3–g5, as well
as the tail-associated g6–g10,Mesorhizobium species have retained very few homo-
logs, predominantly only singlets. In the case of two other Sinorhizobium species
identified as symbionts in this study, S. meliloti and S. fredii, the loss of detectable
RcGTA homologs is conspicuous (Shakya et al. 2017).

2.3.3 Orders Sphingomonadales and Rhodospirillales

Symbionts from an array of other alpha-proteobacterial orders have predicted homo-
logs of RcGTA genes. From the order Sphingomonadales, Zymomonas mobilis
shows a capacity for mutualism, by protecting mammals against infections by
yeast, schistosomal worms, and bacteria in experimental settings (Campos et al.
2013; Santos et al. 2004). From the order Rhodospirillales, Gluconobacter oxydans
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and Acetobacter pasteurianus 386B are opportunistic parasites of plant matter that
lead to fruit rot (Gupta et al. 2001), wine spoilage (Campaniello and Sinigaglia
2017), and cocoa bean fermentation (Illeghems et al. 2013). Gluconacetobacter
xylinus NBRC-3288 is a constituent of microbial mat communities in kombucha
and supports those associations by contributing cellulosic structural content
(Jayabalan and Waisundara 2019). The Azospirillum species A. brasilense
sp. 245 and A. lipoferum sp. 4B are nitrogen-provisioning ectosymbionts that use
pili to attach to the surface of wheat and rice plant roots (Steenhoudt and
Vanderleyden 2000; Wisniewski-Dyé et al. 2011; Wisniewski-Dyé et al. 2012).
Both species are thought to provide phytohormones to host plants (Spaepen et al.
2007), and A. brasilense sp. 245 has also been found to promote symbiosis between
Rhizobium and host plants such as Vicia sativa (Sarig et al. 1986; Star et al. 2012).
By contrast, Micavibrio aeruginosavorus is an ectoparasite and predator of other
microbes, including Pseudomonas aeruginosa, Burkholderia cepacia, and
Escherichia coli (Dashiff et al. 2011; Kadouri et al. 2007). Although technically
unclassified, Micavibrio is grouped in with Rhodospirillales for this analysis
(Shakya et al. 2017).

The paucity of complete sequence data informing symbionts of these collective
orders somewhat constrains the extent of analysis at this time. However, while the
divergence of Sphingomonadales occurs after the predicted introduction of the
RcGTA LC, and thus includes genera with both LC and SC homologs,
Rhodospirillales genera contain only SCs (Fig. 2.4) (Shakya et al. 2017;
Viswanathan et al. 2017). For the purposes of this review, while genera such as
Sphingomonas, Novosphingobium, and Erythrobacter are predicted to retain LCs,
they are considered nonsymbiotic. For the only symbiotic Sphingomonadales, and
mirroring the absence of detectable homologs for sister species or strains discussed
thus far, one strain of Z. mobilis subsp. mobilis str. CP4 has retained a singlet copy of
g3, while other documented strains have retained no predicted RcGTA ORFs
(Table 2.3). For the Rhodospirillales genera that contain only SCs, most lack
predicted tail-related ORFs. G. xylinus NBRC-3288 stands in contrast to other
species, as it is predicted to contain two SCs with the g3–g7 ORFs, in addition to
two singlet homologs of the predicted terminase g2 and prohead protease g4
(Fig. 2.5c). Oddly for this group of organisms, A. brasilense Sp245 carries only
two single ORFs, g2 and g11, while A. lipoferum 4B contains two copies of the
predicted portal protein g3 ORFs on individual plasmids. Similarly, the ectoparasite
M. aeruginosavorus and G. oxydans 621H carry only singlet copies of the g2
terminase (Table 2.3). In summary, particularly for the soil-associated organisms
in these groups, interpretations will become increasingly well informed in the future
as additional symbiont lineages are identified, sequenced, and compared to the
existing datasets.
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2.3.4 Order Rickettsiales

Rickettsiales, the most basal order in which RcGTA homologs have been predicted,
are all considered endosymbionts and are regarded as the divergence point of a
mitochondrial-progenitor species (Archibald and Richards 2010). Rickettsiales are
by definition “obligate intracellular bacteria” because they can only replicate within
the cytoplasm of eukaryotic host cells (Hackstadt 1996; Thomas et al. 2017).
Rickettsiales infections are facultative with respect to their invertebrate hosts, though
there are exceptions. Rickettsia felis URRWXCal2, carried by booklice, and
Wolbachia pipientis, in certain insects and filarial nematodes, are required for host
oogenesis, as well as to support host viability in nematodes (Dedeine et al. 2001;
Gillespie et al. 2014; Hoerauf et al. 2000; Landmann et al. 2011; Rao et al. 2002).
Wolbachia, Rickettsia, Orientia, and Neorickettsia are propagated by endosymbiont
loading into eggs of the host organism (Azad and Beard 1998; Brumin et al. 2012;
Elliott et al. 2019; Greiman et al. 2016; Landmann 2019; Serbus et al. 2008).
Ehrlichia and Anaplasma may use horizontal or vertical transmission, depending
on the species (Baldridge et al. 2009; Long et al. 2003; Moore et al. 2018; Perlman
et al. 2006; Walker 2017). In many cases, Rickettsiales species are also transmitted to
mammals by the saliva or feces of ticks, fleas, lice, and chigger mites (Day and
Newton 2017; Raoult 2015; Walker 2017). Neorickettsia are acquired by animals via
ingestion of parasitized material (Greiman 2015; Paris and Day 2014). Extended
releases of Wolbachia bacteria by dying filarial nematodes into animal hosts induce
inflammation that underlies the neglected tropical diseases African river blindness
and lymphatic Filariasis (discussed in the review by Slatko et al. within this same
volume) (Gillette-Ferguson et al. 2004; Saint André et al. 2002; Taylor 2003).
Wolbachia pipientis strains that are endogenous to insect hosts are not transmitted
to mammals (Kamtchum-Tatuene et al. 2017; Popovici et al. 2010).

The Rickettsiales order, like the Rhodospirillales, retain no LCs (Fig. 2.4)
(Shakya et al. 2017). However, in addition to the predicted terminase and head
morphogenesis homologs g2–g5, a large proportion of the species carrying SC ORFs
have specifically retained the tail-associated homologs g6, g9, g12, g13, and g15
(Table 2.3). For the Anaplasmataceae genera Anaplasma, Ehrlichia, andWolbachia,
this includes SCs that contain the predicted head-tail adaptor g6 and major-tail
protein g9 ORFs on the same fragment. By contrast, g12, g13, and g15, whose
role in RcGTA biology other than potentially contributing to host specificity is less
certain, are all independently located (Fig. 2.5d). Neorickettsia risticii str. Illinois
and Neorickettsia sennetsu Miyayama have retained the ORFs g2–g5 as scattered,
independent singlets (Table 2.3). As the branch leading to the divergence of the
Anaplasmataceae most closely approximates the phylogenetic origin of a proto-
mitochondrial species (Fig. 2.4), the retention of any ancestrally introduced
bacteriophage-related homologs is of particular interest.

For the most recently diverged members of the family Rickettsiaceae, specifically
Rickettsia andOrientia species, a similar pattern of retention followed by divergence
and loss can be seen, as described for Rhizobiales and Sphingomonadales species
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above (Table 2.3). Orientia tsutsugamushi and Rickettsia belli, which more closely
approximate the majority of Anaplasmataceae in overall homolog content, show a
curious coupling of the putative major capsid protein g5 with the head-tail connector
g6 and tail component g12 and g13 on a single SC. However, Rickettsia felis has
retained multiple singlet ORFs, Rickettsia rickettsia, and eight other species retain
only a single g12 ORF, and the remaining of the most recently diverged species,
including Rickettsia prowazekii and nine other species, are all presumed to have lost
singlet or SC ORFs entirely (Table 2.3). For Wolbachia pipientis, the nematode-
associated variants wOo and wBm completely lack detectable RcGTA homologs
(Shakya et al. 2017), however for the purposes of this analysis, the multitude of
Wolbachia variants extends beyond the scope of this review.

2.3.5 Possible Functions for Incomplete Sets of RcGTA
Homologs

As discussed for the various symbiotic orders above, divergence and loss of detect-
able homologous RcGTA ORFs have occurred both after the introduction of the
progenitor LC, estimated to be ~1 billion years ago, and after the otherwise deeply
branching progenitor “SC” introduction, around ~2 billion years ago (Battistuzzi
et al. 2004; Kogay et al. 2019; Luo et al. 2013; Shakya et al. 2017). As the trend
toward genome reduction in symbionts should hold true within individual bacterial
groupings, these general trends would be expected. Thus in numerous cases, we may
be viewing snapshots of LC loss and consequently, loss of functional GTA particles.
While this analysis by no means suggests that RcGTA homologs are indeed
expressed, the ubiquitous nature of the ppGpp “stringent response,” SOS DNA
damage response, two-component environmental sensors, CtrA “master” transcrip-
tional regulator, and the second messenger c-di-GMP within these symbiotic alpha-
proteobacterial orders lends some support to the possibility that regulatory similar-
ities may exist. This, of course, awaits further confirmations for each symbiont
discussed in this regard.

The implication of carrying SC genes, or an incomplete set of LC genes, as
reflected within the diverse alpha-proteobacterial symbiont lineages, remains unclear
at this time. Emerging reports that bacterial symbionts are recipients of HGT open an
array of speculative possibilities (García-Aljaro et al. 2017; Husnik and McCutcheon
2016, 2018; Koonin 2016). One potential scenario is for products of endogenous
RcGTA genes to assemble into alternate particle conformations, with or without
inclusion of additional prophage-like gene products substituting for missing RcGTA
components. Another possibility is that lysogenic phages supplement regulatory
and/or structural genes that facilitate de novo RcGTA assembly. For example,
roseophages, RDJLΦ1, and RDJLΦ2 have been shown to encode a CtrA-like
transcription factor, as well homologs of rcc01865 and rcc01866, which encode
the GafA transcription factor and virion maturation protein otherwise necessary for
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the production of functional RcGTA particles (Hynes et al. 2016; Lang et al. 2017).
Interestingly, almost all marine Siphoviridae family roseophages discovered thus far
encode the RcGTA homologs g12–g15 predicted to be involved in tail morphogen-
esis and host recognition (Huang et al. 2011; Liang et al. 2016; Yang et al. 2017;
Zhan et al. 2016). The roseophages RDJLΦ1 and vB_DshS-R5C have also been
shown to harbor a gene with homology to the GTA “tail-fiber/attachment” rcc00171
(Hynes et al. 2016; Zhan and Chen 2019).

It also remains possible that retention of RcGTA homologs by symbionts is
uncoupled from HGT to some extent, with gene products potentially repurposed
for other uses. One possibility is the use of capsid-like proteins to create compart-
mentalized structures. The largest of such compartments reported so far are
carboxysomes, which are important for carbon fixation (Rae et al. 2013). A
smaller-sized set of microcompartments has been identified that drive certain B12-
dependent catabolic reactions and otherwise toxic metabolic processes (Bobik et al.
2015). Nanocompartments called “encapsulins” that carry oligomerized enzymes
may be vastly more common, with bioinformatic predictions for encapsulin proteins
numbering in the thousands for bacteria and archaea (Nichols et al. 2017). Another
possibility is that RcGTA tail genes are repurposed as tailocin-like structures.
Tailocins have been widely regarded as bactericidal due to their activity as
uncoupling agents or by transferring toxins into recipient cells (Ghequire and De
Mot 2015). Analogous to RcGTA particles, tailocins are only produced by a small
proportion of prokaryotic cells within a population, and tailocin release ultimately
requires cell lysis of a cell subpopulation (Scholl 2017). Tailocins are also becoming
recognized in terms of new roles, such as ectosymbiont release of tailocin-like
structures that are critical for metamorphosis of settling tubeworm larvae (Shikuma
et al. 2014). Given that the range of RcGTA ORF predictions across symbiotic
lineages reflects an emphasis on capsid-related genes, tail-related genes, or both
(Tables 2.1, 2.2, and 2.3), this leaves open many potential avenues for use of
RcGTA-related gene products in symbiotic interactions.

2.4 Additional GTA and Phage-like Particles Identified
across Diverse Microbial Systems

Horizontal gene transfer has been documented for many symbionts not reported to
carry RcGTA genes. At this time, large-scale analyses seeking to identify
GTA-related genes have only just begun and remain constrained by the current
limits of predictive analyses (Kogay et al. 2019; Shakya et al. 2017). Since the initial
discovery of RcGTAs, researchers have identified a number of other putative GTA
systems, as well as additional types of phage-like particles that are not believed to
participate in HGT. These non-R. capsulatus GTA-like systems are distinctive at the
level of sequence homology, gene cluster size, DNA packing capacity within the
particle capsid, and overall particle dimensions (Lang et al. 2017; Lang et al. 2012).
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As they have been identified across a sweeping taxonomic range, we will consider
each in turn, beginning with a GTA type found in Bartonella and a few other alpha-
proteobacterial symbionts. Then, we briefly discuss information available for
GTA-like particles identified in delta- and gamma-proteobacteria, spirochetes,
firmicutes, and even archaea. To further frame the capabilities of GTA-like particles,
we conclude with examples from microbial systems not strictly considered under a
“symbiotic” designation.

2.4.1 BaGTA from Bartonella Spp., Class
Alpha-Proteobacteria

“Bacteriophage-like particles,” originally dubbed “BLPs,” were discovered in 1994
from the facultative rhizobial symbiont Bartonella henselae, previously
Rochalimaea henselae (Anderson et al. 1994). After this phage-like particle was
demonstrated to be functional for gene transfer, the particles were renamed BaGTAs
(Guy et al. 2013; Québatte et al. 2017). The highly conserved, ~32 kb region
including the BaGTA structural gene cluster (Fig. 2.6b) is located within an
~80 kb region that contains multiple copies of a putatively phage-derived origin of
replication, known as a run-off replication (ROR) gene cassette (Berglund et al.
2009). Flanked by various Type IV and V secretion system gene clusters, the
BaGTA and ROR cassettes are strictly maintained in all modern Bartonella species
(Alsmark et al. 2004; Guy et al. 2013; Tamarit et al. 2018). Unlike RcGTAs, it is
evident that DNA packaging into BaGTA capsids is nonrandom. BaGTA particles
show bias toward packing content located near the Bartonella runoff origin of
replication (BaROR), which includes disproportionate representation of the
BaGTA structural cluster genes (Berglund et al. 2009; Guy et al. 2013; Lindroos
et al. 2006; Québatte et al. 2017). Bidirectional amplification of DNA surrounding
the BaROR ensures that the frequency of inclusion of host genes into BaGTA
particles is directly related to the distance from the ROR (Québatte et al. 2017;
Québatte and Dehio 2019).

While the Bartonella GTA particles isolated to date have uniformly been dem-
onstrated to carry ~14 kb fragments of host DNA, their capsid sizes have ranged
from 40 to 80 nm (Fig. 2.6e). However, some of this variation may be due in part to
the isolation of early proheads or structural intermediates formed during capsid
maturation (Hernando-Pérez et al. 2014; Roos et al. 2012). While associated tail
structures have not yet been strictly demonstrated for B. henselae (Anderson et al.
1994; Barbian and Minnick 2000), 16 nm tails were found to be associated with
phage particles from B. bacilliformis that were capable of forming plaques on blood
agar plates (Umemori et al. 1992). As contractile tailed particles were also isolated
from Bartonella vinsonii subsp. berkhoffii, in that case 60–80 nm in length, it is
uncertain whether all BaGTA-related particles require tail structures or the lack of
associated tails is tied to isolation methodologies (Carvalho et al. 2010; Maggi and
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Fig. 2.6 Gene transfer agents in symbiotic bacteria. Arrows represent annotated ORF predictions,
using the same color scheme as for Fig. 2.5. (a) RcGTA structural gene cluster of Rhodobacter
capsulatus included for reference as in previous Figs. (b) BaGTA structural gene cluster from
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Breitschwerdt 2005). Regardless, with capsid capacity sufficient to package the
entire ~14 kb BaGTA structural cluster, BaGTA particles may yet remain more
virus-like than the GTAs of R. capsulatus.

A subset of Bartonella species, for which BaGTA particle production has been
demonstrated, have provided substantial mechanistic insights into the biology of
BaGTAs. Unlike stationary-phase production of RcGTA particles, BaGTA particle
expression is primarily associated with actively dividing, exponential-phase cells
(Guy et al. 2013). In B. henselae, this was estimated to be 6–17% of the cells in such
a population (Québatte et al. 2017). While coordinating BaGTA regulation with cell
cycle and two-component phospho-relay systems is likely to include many of the
same signals and factors, detailed genetic analysis remains forthcoming for
Bartonella systems (Barbian and Minnick 2000; Québatte et al. 2017). Both
feline-associated B. henselae and rodent-associated B. grahamii production of
BaGTA particles are regulated by the “stringent response” (Québatte et al. 2017).
This response involves the BatR/BatS two-component sensor system and the ubiq-
uitous signaling molecule ppGpp (Dalebroux et al. 2010; Québatte et al. 2013). In
contrast to RcGTAs, it was demonstrated that high levels of ppGpp inhibit the
BaGTA activity, further suggesting that BaGTA gene expression is limited to
actively replicating cells (Québatte et al. 2017). While the mechanism of particle
docking onto recipient cells is currently unknown, BaGTA uptake into recipient cells
appears restricted by the Tol/Pal complex, which is thought to maintain the integrity
of the outer membrane in E. coli (Québatte et al. 2017; Walburger et al. 2002).
Similar to R. capsulatus, host homologous recombination machinery, including the
ComEC, ComF, ComM, and DrpA proteins (Fig. 2.3), are believed to regulate
incoming dsDNA and integration into the recipient host chromosome; reviewed
recently in (Québatte and Dehio 2019).

Modern parasitic Bartonella species infect a range of mammalian hosts and are
transmitted primarily via insect vectors, though also directly, as in the case of “cat-
scratch” fever (Eicher and Dehio 2012; Engel et al. 2011; Nelson et al. 2016).
Comparisons with earlier diverging mutualist relatives, including honeybee and
ant gut-symbionts, show the loss of metabolic genes and the acquisition of virulence
factors in conjunction with the BaGTA cassette (Kešnerová et al. 2016; Kosoy et al.
2008; Segers et al. 2017). Bartonella genomes themselves range in size from 1.4 to
2.6 Mb, small in comparison with other soil or plant associated Rhizobia, and even

Fig. 2.6 (continued) Bartonella australis NH1 (NCBI IDs BAnh113370–113,220) (Tamarit et al.
2018). (c) VSH1 structural gene cluster from Brachyspira hyodysenteriae (tail protein IDs:
BHWA1_RS08855-RS08865 and VSH1 IDs BHWA1_BHWA1_RS08920-RS09010, which
replace discontinued locus annotations) (Matson et al. 2005; Stanton et al. 2009). (d) PBSX
structural gene cluster from Bacillus subtilis subsp. subtilis str. 168 (NCBI genome
NC_000964.3; IDs BSU_12460–12,830). (e) Depictions of GTAs or phage-like particles purified
from previously listed organisms. Packaged DNA size, head diameter, and tail length estimates are
given; depictions not to scale. N.D. indicates “not determined.” * while formally unclassified, these
particles bear features otherwise associated with podovirus-type particles
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with the ~3.3 Mb genomes of their Brucella relatives (Boussau et al. 2004; Ettema
and Andersson 2009). It is thought that the maintenance of BaGTAs and the
influence of the BaROR were driven by selection to increase HGT and counter
gene loss (Batut et al. 2004; Segers et al. 2017; Tamarit et al. 2018). The introduction
of accumulated mutation, insertion, deletion, and rearrangement would then have
affected the integrity of progenitor prophage regulation, effectively “domesticating”
the ancestral BaGTA (Bobay et al. 2014; Québatte et al. 2017; Tamarit et al. 2018).
Coupled with the acquisition of T4SSs and pathogenesis factors, adaptive evolution
would then have driven discrete lineages to match a divergent set of host cells
(Chomel et al. 2009a; Engel et al. 2011; Guy et al. 2013; Harms et al. 2017;
Québatte et al. 2017; Tamarit et al. 2018).

Through an extensive analysis of BaGTA homologs within the alpha-
proteobacterial orders Rhodobacterales, Rhizobiales, and Caulobacterales (Tamarit
et al. 2018), BaGTA ORFs have been predicted in association with 13 symbionts of
the Rhizobiales order (Table 2.4). Nine of these are pathogenic Bartonella that infect
mammalian hosts (Eicher and Dehio 2012; Engel et al. 2011) and are predicted to
carry a nearly or completely intact cluster of BaGTA genes (Tamarit et al. 2018).
Other BaGTA-carrying Rhizobiales are mutualists that form root symbioses, specif-
ically A. caulinodansORS 571, B. sp. BTAi1, Rhizobium etli, and R. leguminosarum
bv. viciae 3841 (Tamarit et al. 2018). BaGTAs were also detected in one mutualistic
Rhodobacterales, specifically in the scallop symbiont Phaeobacter gallaeciensis
DSM 26640 (Genard et al. 2014). Unlike pathogenic Bartonella, these five mutual-
istic species were predicted to carry a minimal number of BaGTA homologs
(Table 2.4) (Tamarit et al. 2018). It is further notable that three of these have been
identified as carriers of both BaGTA and RcGTA homologs. P. gallaeciensis DSM
26640 is predicted to carry a complete RcGTA LC, and Azorhizobium caulinodans
ORS 571 also has most of the LC genes (Tables 2.1 and 2.4), whereas
Bradyrhizobium sp. BTAi1 carries only the g3 SC gene (Tables 2.2 and 2.4).
While the selective advantage of the BaGTA/BaROR region has been discussed
for modern, phylogenetically divergent Bartonella ssp. (Québatte and Dehio 2019),
any specific fitness advantage of BaGTA homologs, or their dual occupancy with
RcGTA homologs, has yet to be experimentally addressed in these mutualistic
symbionts.

2.4.2 VSH-1 from Brachyspira hyodysenteriae, Phylum
Spirochaetes

Alternate GTA forms have been found outside of the phylum proteobacteria. An
important example comes from Brachyspira hyodysenteriae (Humphrey et al. 1997),
an anaerobic spirochete known to infect the large intestine of swine, causing
dysentery and substantial herd morbidity/mortality (Mirajkar and Gebhart 2014;
Taylor and Alexander 1971; Whiting et al. 1921). B. hyodysenteriae produces
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GTA-like particles, classified as the siphovirus-type, now referred to as VSH-1 (for
virus of Serpulina hyodysenteriae). These VSH-1 particles are known to mediate the
transfer of a variety of markers between cells, including virulence genes and
antibiotic resistance (Humphrey et al. 1997; Stanton et al. 2008; Stanton et al.
2001; Trott et al. 1997). Particles similar to VSH-1 have been observed in associ-
ation with other species of Brachyspira including B. intermedia and B. pilosicoli
(Calderaro et al. 1998a; Calderaro et al. 1998b; Motro et al. 2009). As an indication
of host range, VSH-1-like GTAs also appear to be produced by spirochetes that
infect humans (Calderaro et al. 1998a; Calderaro et al. 1998b; Humphrey et al.
1997).

The VSH-1 GTA particle has a 45 nm head diameter and 64 nm noncontractile
tail and packs ~7.5 kb of DNA (Fig. 2.6e) (Humphrey et al. 1995; Humphrey et al.
1997). The major gene cluster of VSH-1 is a 16.3 kb fragment which contains ORFs
for head, tail, and lysis (Fig. 2.6c). A smaller 3.6 kb cluster of three tail proteins has
been identified apart from the main cluster, as well as putative phage endolysin and
holin genes, which appear to be coregulated (Matson et al. 2005; Stanton et al.
2009). Quantitative measurements indicate that although VSH-1-specific transcrip-
tion increases over 200-fold after induction, there is no gene copy number disparity
in the packing of VSH-1 genes relative to non-VSH-1 genes (Stanton et al. 2009).
Unlike RcGTA production, constrained to few cells within a population, VSH-1
particle production and release by cell lysis may be more generalized (Humphrey
et al. 1995; Lang et al. 2017). Particle production is inducible by DNA-damaging
agents such as mitomycin C, hydrogen peroxide, and antibiotics widely used in the
swine industry, such as carbadox and metronidazole (Humphrey et al. 1995; Matson
et al. 2007; Stanton et al. 2008). As studies have shown transfer of antibiotic
resistance between these spirochete strains, this suggests that VSH-1 GTAs affect
the pathogenic properties and population structure of Brachyspira, while also
impacting the host intestinal microbiome (Stanton et al. 2008; Trott et al. 1997;
Zuerner et al. 2004).

2.4.3 PBSX from Bacillus Spp., Phylum Firmicutes

As Bacillus species have been shown to form metabolic symbioses with other
microbes (Jia et al. 2015; Zhou et al. 2013), a further unconventional phage-like
particle reported from Bacillus also warrants discussion. These spore-forming
firmicutes include pathogenic species such as B. anthracis and B. cereus, as well
as the model system and industrially relevant species, B. subtilis. The phage-like
particles produced by Bacillus, termed PBSX, are 41 nm in diameter with an
associated 190 nm contractile tail, fitting the structural classification of a myovirus
(Fig. 2.6e) (Lang et al. 2012; Wood et al. 1990a). Similar phage-like elements have
been identified for other Bacillus ssp. and termed PBSW, PBSY, and PBSZ (Glaser
et al. 1966; Karamata et al. 1987; Young et al. 1989). The 28 kb PBSX gene cluster
is completely unrelated to any of the GTA clusters considered thus far (Fig. 2.6d). It
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contains phage head, tail, lysis, and lysogeny genes and lacks replication-related
functions (McDonnell et al. 1994; Seaman et al. 1964; Wood et al. 1990a). The
induction of PBSX is controlled by the helix-turn-helix transcriptional repressor Xre,
encoded in the “early operon” of the PBSX cluster (Buxton 1976; Wood et al. 1990a;
Wood et al. 1990b). Xre binds to multiple promoters within the Bacillus genome and
controls expression of a positive control factor (Pcf), needed for the expression of
genes from a “late promoter” (McDonnell et al. 1994). Structural and lytic proteins,
including autolysin and holin-like protein ORFs, encoded in the “late operon”
(Fig. 2.6d), are thought to facilitate host cell lysis (Foster 1993; Krogh et al. 1996;
Longchamp et al. 1994).

PBSX particles have also been shown to damage the peptidoglycan layer of
neighboring cells, presumably in a manner typical of myoviruses (Toyofuku et al.
2017). Myovirus-type phages, such as T4 and P00, are generally known as lytic, rather
than temperate phages, whose contractile sheath acts like a syringe, piercing the cell
wall with a central tube and injecting the genetic material into the host. PBSX
particles are thought to contain DNA, and their production is induced by mitomycin
C and the SOS response, analogous to other GTAs. Counterintuitively, PBSX
particles do not actively participate in HGT, but instead kill other B. subtilis cells
that are nonlysogenic for PBSX (Okamoto et al. 1968a; Okamoto et al. 1968b).
Previously termed “phage-like bacteriocins” (McDonnell et al. 1994), PBSX parti-
cles may act primarily to limit competing cells. Interestingly, B. subtilis encodes a
second unusual genetic element termed “sKin” (sigK intervening sequence), which
shares high homology to PBSX and other potentially cryptic ancestral phage and
plasmid genes (Krogh et al. 1996; Takemaru et al. 1995). As many B. subtilis strains
have been maintained under laboratory conditions, even subject to mutagenesis,
tying laboratory studies to environmentally isolated variants will remain an impor-
tant aspect of PBSX investigation.

2.4.4 Dd1 from Desulfovibrio desulfuricans, Class
Delta-Proteobacteria

Historically, the second GTA to be identified by electron microscopy was from the
strictly anaerobic, sulfur-reducing delta-proteobacterium Desulfovibrio
desulfuricans (Rapp and Wall 1987). To date, D. desulfuricans is generally regarded
as a nonsymbiotic bacterium. It is primarily found in environmental samples and
only rarely causes infection in humans (Goldstein et al. 2003). However, the GTA
found in this system, termed Dd1, is distinctive in that it resembles a tailed
podovirus, rather than a siphovirus-like structure. Dd1 particles exhibit a 43 nm
head diameter and only a short, 7 nm tail (Rapp and Wall 1987). The American Type
Culture Collection (ATCC) strain 27,774 contains a ~ 17.8 kb ORF region,
Ddes_0706 through Ddes_0726 that is presumed to encode the Dd1 particle com-
ponents (Lang et al. 2012). Phage-mediated, intra-species transfer of ~13.6 kb linear
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fragments of DNA occurs with a frequency of 10�5 to 10�6 per recipient cell,
capable of carrying multiple antibiotic resistance markers (Rapp and Wall 1987).
Akin to RcGTAs, Dd1 particle production is not induced by DNA-damaging
mitomycin C. Regulation of particle production for this GTA type remains unclear
at this time (Krupovic et al. 2010; Rapp and Wall 1987).

2.4.5 VTA from Methanococcus voltae, Phylum
Euryarchaeota

While the distantly related archaeon Methanococcus voltae is not reported to form
symbiotic associations, in order to underscore the large evolutionary distance in
which GTAs have been reported, we include what is currently known regarding the
VTA (for voltae-transfer agent). M. voltae is a heterotrophic, H2-oxidizing
methanogenic bacterium, which was initially collected from estuary sediment
(Whitman et al. 1982). Genetic exchange occurs through phage-like particles that
contain ~4.4 kb of host DNA in a 40 nm head capsid with an associated 61 nm tail
(Eiserling et al. 1999). A major gene cluster region of ~14 kb, which spans ~12
ORFs (Mvol_0401–Mvol_0414), with homologs of siphovirus components, is
thought to encode the VTA (Krupovic et al. 2010). While DNA packing appears
predominantly random, there may be partial enrichment of one 0.9 kb genomic
region (Bertani 1999). Similar to PBSX and VHS1 particles, VTA particle produc-
tion is induced by DNA damage, and transfer is measured between ~10�5 and 10�2

events per donor cell (Bertani 1999). While M. voltae undergoes low-frequency
natural transformation (Bertani and Baresi 1987), the use of this GTA structure is
somewhat unconventional. Archaea are commonly infected by a variety of morpho-
logically diverse viruses, but usually not tailed phages (Krupovic et al. 2018; Pina
et al. 2011; Prangishvili et al. 2017).

2.5 Conclusions and Considerations

Whether by fault or design, the intrinsic nature of genetic exchange renders the life
histories of cells, viruses, bacteriophages, prophages, and, in the case of this review,
GTAs, innately linked. As our awareness of the mechanisms underlying “phage
domestication” matures, the role that phage-related sequences and phage-like parti-
cles play in the evolution of microbes becomes increasingly evident. The presence of
GTAs in marine environments, highlighted by R. capsulatus and D. shibae, has
informed an appreciation of their role in HGT within the context of the
ectosymbiotic association. Yet, numerous other symbiotic relationships and envi-
ronments have received very little attention in this regard. Paralleling our insufficient
understanding of viromes (Pratama and van Elsas 2018; Trubl et al. 2018), perhaps
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none is more evident than for the broad range of soil-associated and N2-fixing
symbiotic Rhizobiales. In the case of the facultative parasitic relatives of the genus
Bartonella, the novel integration of a GTA and a phage-derived origin of replication
is believed to have facilitated adaptive radiation and dramatically diversified host
range. While it is also believed that the initial integration of the RcGTA-like
progenitor, estimated to be ~1 bya, fueled radiation of the Rhodobacterales, it
remains an open question just what advantage, if any, there is for earlier diverging
lineages to have retained similar homologs. Albeit from an integration event,
estimated some ~1 billion years prior, their predicted presence as far back as basal
Rickettsiales species bears far greater scrutiny.

Bacterial and archaeal members of the dsDNA virus order Caudovirales, i.e.,
Myoviridae, Siphoviridae, and Podoviridae, contain the characteristic major capsid
protein HK97-fold (Suhanovsky and Teschke 2015). As the HK97-like capsid pro-
teins are among the oldest, most abundant, and widespread viral proteins on the
planet (Chow and Suttle 2015; Cobián Güemes et al. 2016), it stands to reason that
not only proto-bacterial cells but also eukaryotic-progenitor cells coevolved along-
side HK97-fold proteins. Outside of the virosphere, the HK97-like fold is only found
in a class of bacterial and archaeal nanocompartments called encapsulins (Giessen
2016). That these nanocompartments contain cargo proteins related to oxidative
stress makes for several lines of interesting speculation on the potential benefit of
such proteins, particularly in the emergence of endosymbiotic or even proto-
eukaryotic cell lineages. Overall, while there are several well-defined systems with
which to understand the mechanisms of GTA regulation, and their benefit within
certain symbiotic associations, our knowledge of their function and potential is only
just being uncovered.
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Chapter 3
Evolution from Free-Living Bacteria
to Endosymbionts of Insects: Genomic
Changes and the Importance
of the Chaperonin GroEL

Beatriz Sabater-Muñoz and Christina Toft

Abstract Major insect lineages have independently acquired bacterial species,
mainly from Gamma-proteobacteria and Bacteroidetes class, which could be nutri-
tional mutualistic factories, facultative mutualists that protect against biotic and
abiotic stresses, or reproductive manipulators (which alter the fertility of the host
species in its benefit). Some of them are enclosed in bacteriocytes to assure their
maternal transmission over generations. All of them show an increased level of
genetic drift due to the small population size and the continuous population
bottlenecking at each generation, processes that have shaped their genome, prote-
ome, and morphology. Depending on the nature of the relationship, the degree of
genome plasticity varies, i.e., obligate nutritional mutualistic symbionts have
extremely small genomes lacking mobile elements, bacteriophages, or recombina-
tion machinery. Under these conditions, endosymbionts face high mutational pres-
sures that may drive to extinction or symbiont replacement. How do then they
survive for such long evolutionary time, and why do they show a genome stasis?
In this chapter, after a brief introduction to the problem, we will focus on the genome
changes suffered by these endosymbionts, and on the mutational robustness mech-
anisms, including the moonlighting chaperone GroEL that could explain their long
prevalence from an evolutionary perspective by comparing them with free-living
bacteria.
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3.1 Introduction: A Brief History about Symbiosis and its
Importance in Insects’ Biology and Control

Symbiosis—from the Greek συμβίωσις (συμ ¼ sym, within; βίωσις ¼ biosis,
living)—refers to any type of close and long-term interaction between two different
organisms. The use of the term “symbiosis” became a controversy to describe the
phenomenon of “living together” as reviewed in (Martin and Schwab 2012, 2013;
Gontier 2016; Oborník 2019). Despite this controversy, symbiosis has been
redefined in terms of the relationship between and physical location of partners.
Depending on the type of relationships, symbiosis has been further classified as
mutualism, commensalism, parasitism, parasitoidism, predation, amensalism, antag-
onism, or neutralism, whereas the partners are considered ectosymbionts or endo-
symbionts, depending on the relative physical location to one another. Symbiosis has
been a process that from the evolutionary perspective has shaped the Life on Earth,
being at the origin of the eukaryotic cell (in several bursts of endosymbiosis),
facilitating one of the largest evolutionary leaps along with gene duplication, or at
the birth of Plant kingdom. Some examples (eukaryotic cell and plants) are not being
treated in this chapter as each of them deserves their own chapter or even own book
(Deschamps et al. 2008; Zimmer 2009; Gontier 2016; Eme et al. 2017; Melnikov
et al. 2019; Bowles et al. 2020; Fernández and Gabaldón 2020). As indicated,
symbiosis refers to the close and long-term interaction between two different
organisms, usually one microbe (mainly bacteria) and one eukaryote. Microbes are
everywhere, around us, on us, and within us; thus, they have a high propensity to
establish symbiotic relationships with any other organism on earth. The endosym-
biotic process had enthralled scientists from several fields of Biology, but also from
Chemistry, Physics, and Mathematics; here, we will focus on one of the most diverse
groups on Earth, insects (arthropods), and their symbiotic bacteria and yeasts
(Buchner 1965; Schwemmler and Gassner 1989; Sapp 2002; Bourtzis and Miller
2006, 2009; Zchori-Fein and Bourtzis 2012).

Within the Molecular-Genomic Era, the advances in molecular and ‘omic tech-
nologies have been useful to determine “who is who” in the microbe–insect symbi-
otic relationship. They have also become an indispensable tool to identify and name
the myriad of unculturable or as-yet-uncultured bacteria, yeasts, fungi, and viruses
that were previously identified as symbionts by microscopy techniques early in the
first three decades of the XX century (Buchner 1965; Sapp 2002; Engel and Moran
2013; De Cock et al. 2019). Likewise, they are at the center for determining the long-
term relationships and their coevolutionary patterns (Fig. 3.1), along with their
effects on the genomes of the bacterial endosymbiont, as we will explain later
(Moran 2001; Russell et al. 2003; Gil et al. 2004; Moran et al. 2008; Chevignon
et al. 2018). Demonstrating that unculturability is mainly due to gene loss and/or
transfer of genes to the insect host, among other factors, metabolic interactions with
the host limit both host and endosymbiont reproduction and success as independent
partners, and what is more important, indicate the missing metabolites that would
make these microbes being culturable outside of insect host–cell cultures (Darby
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et al. 2005; Pontes and Dale 2006; Stewart 2012; Xu et al. 2016; Chevrette and
Handelsman 2020). These new techniques (NGS, microbiome, and metabolome
studies) have helped in separating between primary and secondary endosymbionts,
identifying facultative symbionts, or giving importance to the viruses and yeasts.
They also improved the identification of other bacterial species forming part of the
insect stable microbiota, by identifying bacterial pathogens vectored by insects, and
by describing the long-term nature of the coevolution with the host. Overall they
shed light on the complexity of the endosymbiotic profiles with endosymbiont
lineages replacement throughout the evolutionary history of hemipteran insects
(Liesack and Stackebrandt 1992; Dale and Moran 2006; Moran et al. 2008; Bennett
and Moran 2013; Moran and Sloan 2015; Ordax et al. 2015; Douglas 2015;
Matsuura et al. 2018; Darboux et al. 2019).

Some of these endosymbionts, primary and secondary endosymbionts mainly,
have been identified as the drivers of biological innovation (phenotypic complexity)
of their hosts through adaptation, allowing many of them to survive abiotic (tem-
perature mainly, as nowadays driving factor under the climate change scenario) and
biotic stresses (parasitoid egg encapsulation, resistance to entomopathogenic bacte-
ria and/or fungi), leading to diversification of host species (Schwemmler and
Gassner 1989; Bourtzis and Miller 2006, 2009; Moran 2007; Desneux et al. 2018;
Vorburger 2018; McLean 2019; Monticelli et al. 2019; Volf et al. 2019). Indeed,
these studies have contributed not only to the basic sciences, but also they lead to the
rise of new pest management methods, the biotechnological-based control methods,
many of them relying on the use of specific bacterial symbionts (Wolbachia spp. and
Rickettsia spp., mainly) that affect reproduction of their host to control either plant
pest species or the species causing zoonotic outbreaks, and human illnesses
(Berasategui et al. 2016; Lopez-Fernandez et al. 2017; Boucias et al. 2018; Raymann
and Moran 2018; Deutscher et al. 2019; Somerville et al. 2019; Xie et al. 2019). In
addition, the prediction of essential nutrients, metabolites, or shared metabolic
pathways that indicate consortia requirement with other (endo-, ecto-, or free-living)
symbiont or with the own host, is an ongoing outcome of these ‘omics technologies
that will give answers to the “culturability” processes for the as-yet-uncultured ones
that are of special interest in bioremediation or pest/disease management (Douglas
2018). Obviously, by the aid of these ‘omic techniques, the contribution of these
reduced-genome symbionts to the extraordinary phenotypic complexity observed in
their host species can be inferred. And, as we will show at the end of the chapter,
their evolvability (capacity to evolve) and their persistence through evolutionary
times (Liesack and Stackebrandt 1992; Stewart 2012; Hays et al. 2015; Chevignon
et al. 2018; Sarhan et al. 2019).

Fig. 3.1 (continued) primary endosymbionts estimated symbiosis establishment is indicated under
the names of the main genera (in red from Firmicutes/Bacteroidetes class, and in gray from
Proteobacteria), along with some more recent symbiotic events (yeast-like symbionts, in blue)
(adapted from Sudakaran et al. 2017). Insect pictures at the right column are representative from the
Iberian Fauna collection, with special focus on pest species
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In this chapter, we will focus on the molecular and evolutionary processes that
have shaped the genomes of the bacterial endosymbionts of several insect species,
comparing these processes, with the aid of experimental evolution, with free-living
microorganisms.

3.2 The Process of (Endo)Symbiosis: Interaction between
Bacteria and Host Cells

As said previously, insects are the home of a complex community of microorgan-
isms, mainly belonging to, but not restricted to, bacteria. But how did some of these
bacteria become (endo)symbionts? To achieve this fate, bacteria should establish a
strict linkage with its host (mainly metabolic linkage), being perpetuated in time
through efficient transgenerational transmission (mainly by vertical transfer with
occasional horizontal transfer events) (Fig. 3.1) (Antonovics et al. 2017). Compar-
ative studies have illuminated general patterns of insect–microbiota associations,
finding that insect endosymbionts were derived from insect gut communities or
phytobiomes in some cases, being shaped by the host diet, to keep the perfect
metabolic functioning of the linked community and their host (Bright and Bulgheresi
2010; Colman et al. 2012; Augustinos et al. 2019; Itoh et al. 2019). Indeed, many of
these symbiotic bacteria improve host’s metabolism, by supplying the nutritionally
imbalanced food source with the missing key components as aromatic amino acids,
vitamins, or cofactors, as occurring in the aphid-Buchnera aphidicola system
(Moran 2001; Colman et al. 2012; Gil and Latorre 2019; Bell-Roberts et al. 2019).
The insect gut is generally divided into three regions, the foregut, the midgut, and the
hindgut, each with a different pH and other physicochemical characteristics that
constrict the microbiota diversity, and hence shaped the actual endosymbiont port-
folio of each insect/arthropod species (Engel and Moran 2013; Lanan et al. 2016;
Blow and Douglas 2019).

3.2.1 Transmission Model Affects Classification of Symbionts

To assure vertical transmission to the next generation, hosts have developed “organ-
elles” (not true bacteria-derived organelles as defined in Theissen and Martin 2006
and Oborník 2019) that harbor the bacteria. From the evolutionary perspective, the
starting point should be the infection of insect gut lumen, and from there, the
development of bacteriocytes from gut cells, especially from those of the midgut,
as many of these bacterial species show “free-living” relatives within the insect gut
microbiome. The shape, distribution, and location of these bacteriocytes depend
greatly on the insect host, finding them as intercalated cells within midgut cells, to
being grouped into specific organs, the bacteriome. One of the simplest and youngest
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forms of these “organelles” is simply formed by the engulfment of the bacteria by the
host cell membrane (called in some works, symbiosomal membrane), an of this
example is the spheroid bodies of the diatom Rhopalodia gibba (not an insect
species, but to date, we have not found any other early-stage symbiotic example);
these are cell inclusions separated from the cytoplasm by an additional membrane
that harbor the diazotrophic cyanobacteria (Adler et al. 2014). In this case, the
“nitrosome” (nitrogen-fixing “organelle”) has been described as an engulfment
derived from the diatom membrane, produced ~25 MYA, and could be considered
(the bacteria engulfment) the starting point of the more complex endosymbiosis of
insects, from the host cell—symbiont interaction point of view (Adler et al. 2014).
As many of the insect bacterial symbionts are derived from the gut microbiota or the
phytobiome, the insect midgut has become the host organ of bacteriocytes (cells
containing the bacterial symbionts) or the developmental source for the bacteriome
or for bacterial pockets or crypts (Wallin 1927; Buchner 1965; Colman et al. 2012).
One of the simplest forms is present in carpenter ants; their bacteriocytes are
intercalated between midgut cells, hosting Candidatus Blochmannia floridanus
cells free within its cytoplasm, without any symbiosomal membrane (Stoll et al.
2010). At an advanced stage of the endosymbiotic process, we can find an organ
derived from the midgut of insects, the bacteriome or mycetome. In the case of
aphids (as in other hemipteran insects), the bacteriome is a bilobular organ located
between the foregut and ovaries, formed by 6 to 8 bacteriocytes (mycetocytes)
hosting Buchnera aphidicola within host-derived symbiosomal membrane, and
covered by flat-type cells that usually harbor secondary symbionts. Its proximity
to the ovaries allows the endosymbiont to evade insect innate immunity system, at
the same time allows a quick transfer to the next generation. In aphids, it has been
observed that some of the bacteriocyte cells closest to the ovaries break, releasing
Buchnera cells that enter the newly developing embryo or egg (Buchner 1965;
Braendle et al. 2003; Shigenobu and Stern 2013; Simonet et al. 2018).

Other forms of vertical transmission imply the transovarial infection by bacteria
from the surrounding infected tissues or from the insect hemolymph, as occurred
with the infamous Wolbachia or other secondary endosymbionts of aphids; by
coprophagy from their next of kin, or by feeding on their own infected-eggshell
(see Bourtzis and Miller 2006, 2009). Vertical transmission through coprophagy or
feeding of infested eggshell should also be done before the proventriculus valve is
closed, as this system filters ingested bacteria and avoids its establishment in the gut
lumen, a system that could protect insects from plant-borne bacteria in the past,
limiting nowadays the vectoring of plant bacterial pathogens by insects (Lanan et al.
2016; Lopez-Fernandez et al. 2017). Vertical transmission of whole bacteriocytes
instead of isolated bacteria through female ovary to oocytes has been described in the
whitefly Bemisia tabaci (Hemiptera: Aleyrodoidea), to assure the transmission of the
primary endosymbiont Candidatus Portiera aleyrodidarum and the secondary endo-
symbiont Halmintonella defensa hosted in the same bacteriocyte by protrusion,
elongation, and separation of the mother bacteriocyte (Luan et al. 2016; Santos-
Garcia et al. 2020).
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Wolbachia, another intracellular symbiont, has enthralled scientists for decades,
is a ubiquitous bacterial endosymbiont belonging to the alpha-proteobacteria phy-
lum, with more than 60% of insect species being infected, mainly due to reproduc-
tive manipulation of its hosts (see Zchori-Fein and Bourtzis 2012 for a revision on
this genus, and also chapters by Szklarzewicz et al.; and Lefoulon et al., in this
book). Recently, it has been stated that under the name Wolbachia there are several
clades (lettered named as A, B, C, D, K, L, M, . . .; up to 12 clades whose
differentiation is based on multiple-locus sequence alignment analyses). Each of
these Wolbachia clades differs in the phenotype induced, tissue localization (extra-
and intracellularly), genome composition, and metabolic capabilities. Wolbachia is
usually transmitted vertically (through egg infection at ovaries). However,
Wolbachia can be also transmitted horizontally (between insect species or among
insect orders) via the insect host plant or via insect parasitoid species, as occurs with
some facultative symbionts (Lopez-Fernandez et al. 2017; Hafer and Vorburger
2019; Hannula et al. 2019). Altogether, these facts have raised the concern about
the symbiotic fate of Wolbachia, from reproductive manipulator to nutritional
mutualist (revised in Newton and Rice 2020).

Another exceptional case of alteration of symbiont classification (as intra- or
extracellular symbiont) is the bacterial symbiont of olive fruit fly, Candidatus
Erwinia dacicola. This symbiont is located within midgut cells (by definition endo-
symbiont) when the host is at its larval stage, whereas Ca. E. dacicola is located
extracellularly in the foregut of adults at molting from larvae to pupae. This change
in lifestyle affects symbiont transmission mode and genome structure. But this is not
a common case; it has also been observed in another holometabolous insect, the
carpenter ants, affecting their primary endosymbiont Candidatus Blochmania
floridanus, highlighting the relationship between host developmental type (holome-
tabolous or hemimetabolous) and symbiont lifestyle (endo- or ectosymbiont) with
the corresponding transmission mode and genome structure as explained earlier
(Stoll et al. 2010; Augustinos et al. 2019).

Opposite to intracellular symbionts, extracellular symbionts as Burkholderia spp.
or Pantoea spp. (Pentatomid insect symbionts located in midgut crypts) face issues,
as mode of transmission, ecological, and evolutionary relationships with their hosts
(horizontal transfer between host groups). These insects’ extracellular symbionts are
the perfect example of the initial stages of symbiont colonization, interaction with
the insect host, ex-host symbiont culturability and of symbiont genome evolution
(as reviewed in Salem et al. 2015 and Otero-Bravo et al. 2018). However, many of
these extracellular symbionts are considered pathogens and will not be discussed
further in this chapter.

3.2.2 Symbionts and the Insect Immune System

Irrespective of the symbiont location, during transmission to next insect generation,
the bacterial symbiont should face the insect immunity system and melanization
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response, whereas, on the other side, the host should deal with the effects of inherent
virulence of the bacteria (Login et al. 2011; Eleftherianos et al. 2013; Shigenobu and
Stern 2013; Freitak et al. 2014; Wong et al. 2016; Itoh et al. 2019; Liberti and Engel
2020). The equilibria of both processes (insect immunity system and bacteria
virulence) are the result of the evolutionary race faced by host and bacteria to
adapt to the relationship (Red Queen effect) (Zchori-Fein and Bourtzis 2012;
Bennett and Moran 2015; Wernegreen 2017). On the other hand, once established,
the relationship could lead to mutual dependence over evolutionary time. As we will
see later on, the degeneration of symbiont genome may drive the host to extinction
due to the accumulation of deleterious mutations that limit their beneficial contribu-
tions and environmental tolerance provided by the symbiont (Dale and Moran 2006;
Bourtzis and Miller 2009; Bennett and Moran 2015). Endosymbionts interact
directly with the secreted molecules of the humoral insect host immune response,
especially at their “extracellular stage” when moving from mother to offspring
bacteriocytes, but how they do it is something still debatable (Login et al. 2011;
Eleftherianos et al. 2013; Pérez-Brocal et al. 2013; Leonard et al. 2020). Previous
and recent studies have determined that the interaction of endosymbionts with its
insect host is similar to those of microbial pathogens. Some endosymbionts still have
the molecular machinery involved in cell-to-cell communication or pathogenicity
induction as toxin, pathogenicity islands, type III secretion systems (T3SS), ureases
among others (Degnan et al. 2009; Pérez-Brocal et al. 2013; Liberti and Engel 2020;
Leonard et al. 2020). Genome-wide transcriptome analyses in several endosymbiotic
models (like Buchnera aphidicola/aphids or primary endosymbiont of Sitophilus
zeamais (SPE)/stored-food weevils) have indicated that peptidoglycan recognition
protein (PGRP) is upregulated in the bacteriome, at the same time as some virulence
genes are also upregulated in the endosymbiont, and the host overproduces the AMP
gene coleoptericin A. However, this is not the rule, as aphids carrying Regiella
insecticola, Serratia symbiotica, orHamiltonella defensa, as secondary symbionts in
addition to B. aphidicola, respond differentially to host defenses, including the
modification of their intracellular location (as depending on the combination of
B. aphidicola with the other secondary symbionts, B. aphidicola were found in
phagolysosomes of adherent bacteriocytes in their way from mother to offspring),
due to the differential genomic content (T3SS, ureases, etc.) of the secondary
symbiont.Wolbachia and Spiroplasma, two widely distributed secondary endosym-
bionts that go through this extracellular stage, also evaded a broad range of immune
defense mechanisms not even involving upregulation or downregulation of
diptericin, cecropin, defensins, and other AMP genes as is usually done by the
primary endosymbiont of Sitophilus zeamais (SPE). Maybe due to this immune
response avoidance, these two bacterial endosymbionts are so prevalent and are able
to infect and manipulate several insect orders, while at the same time render the host
susceptible to entomopathogenic bacteria. This immune response avoidance had led
to a biotechnological application of endosymbionts, especially referring to
Wolbachia and Spiroplasma, as biological control agent of pest insects
(Eleftherianos et al. 2013; Liberti and Engel 2020; Leonard et al. 2020).
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As the NGS technologies advances, the greater number of genomes from
unculturable endosymbiotic microorganism is being released, contributing to the
knowledge of how these microbes interact with the host, highlighting the similarity
between pathogenic and symbiotic processes at a global evolutionary scale, such as
plants and their rhizobial symbionts. However, still, some questions remain open,
like how pathogens and symbionts communicate within the same host? Or, how
primary and secondary symbionts communicate? Questions of special importance
for the cicadas group, where two coprimary endosymbionts, one within the other,
belong to different bacterial orders raising the importance of interbacteria
communication.

3.3 Genome Evolution: Changes in Bacterial
Endosymbionts

As presented, insects harbor different microorganisms, some becoming examples of
the different stages of the process of endosymbiosis, each reflecting evolutionary
time since the first successful encounter between a free-living bacterium and an
insect species, some dating back to the Pangea geological time (Fig. 3.1). As we will
see, each stage of host adaptation is affected by the transmission mode and will affect
the final fate of the bacterial species involved, i.e., facultative and horizontally
acquired from the environment to obligate and vertically transmitted bacterial
species (Toft and Andersson 2010; Gorovits and Czosnek 2013).

3.3.1 The Stages of Host Adaptation

The transition from extracellular free-living bacteria to intracellular symbiont rep-
resents a dramatic environmental change, which was even postulated as beneficial to
the symbiont due to the stability of the new environment (inside insect eukaryotic
cells), had imposed constrictions to their evolvability since the establishment of the
relationship (reviewed in (Toft and Andersson 2010)). As indicated by Toft and
Andersson (2010), the symbiont genome went through stages of host adaptation.
The early stage of symbiont–host adaptation involves the reduction of mobile
elements (phages, plasmids, genomic islands), recombination machinery, reduction
of gene duplication, pseudogenization and gene loss, as showed by many facultative
intracellular symbionts (as some Wolbachia spp., or Cardinium spp). In a second
stage, bacteria become an obligate intracellular species on which gene loss rate is
increased involving gene transfer to host genome and pseudogenization, whereas the
reduction of recombination and rearrangement of gene clusters start to shape the final
structure of the genome, as seen in Hamiltonella defensa, Regiella insecticola,
Rickettsiella viridis, or Serratia symbiotica (Table.3.1). As the relationship continues
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in life history, bacteria become obligate intracellular mutualist (referred also as the
extreme stage of endosymbiosis), the rate of gene loss or transfer to host genome and
the number of retained pseudogenes are reduced, and their genome is no longer
rearranged keeping a gene synteny between sibling endosymbiotic strains, as seen in
Ca. Baumannia cicadellinicola, Blattabacterium spp., Blochmannia spp., Buchnera
aphidicola, Carsonella ruddii, Hodgkinia cicadicola, Moranella endobia, Nasuia
deltacephalinicola, Sulcia muelleri, Tremblaya princeps, Uzinura diaspidicola,
Vidania fulgoroideae, Walczuchella monophlebidarum and Zinderia insecticola
(Table 3.1). The final endosymbiotic step is the conversion into true cellular organ-
elles, as occurring with mitochondria and chloroplasts (see Kaczanowski’s chapter
in this book), by an increased gene transfer to host cell nuclei and increased gene loss
rate, which reduces considerably the genome content and size. However, even the
tiniest endosymbionts characterized so far still retain most of the genes required for
transcription, translation, and replication, except some Tremblaya princeps strains,
as indicative of their “independent” bacterial nature (McCutcheon and Von Dohlen
2011; McCutcheon and Moran 2012; Moran and Bennett 2014; Campbell et al.
2015, 2017, 2018; Łukasik et al. 2017; Matsuura et al. 2018; Gil and Latorre 2019).
Table 3.1 describes the characteristics of bacterial genomes of some of the men-
tioned endosymbiont species, and some of the free-living bacterial species used for
comparisons, showing the difference in genome size between primary and faculta-
tive secondary symbionts, along with the number of ribosomal RNAs and tRNAs
genes (van Ham et al. 2003; Pérez-Brocal et al. 2006; Burke and Moran 2011;
Rosas-Pérez et al. 2014; Campbell et al. 2015, 2017, 2018; Manzano-Marín et al.
2016; Gil and Latorre 2019).

3.3.2 The Impact of Host Adaptation to Symbiont Genome
Composition

As explained, the long-term endosymbiosis usually leads to massive gene losses,
genome shrinkage (with genomes going from ~4 Mb in size of free-living bacteria to
the tiniest Tremblaya princeps or Nasuia deltocephalinicola (ALF) with ~0.139
and ~ 0.112 Mb; in Table 3.1), and eventually, genome stability (synteny) in related
endosymbiont lineages (Gil et al. 2004; Silva et al. 2007; Moran et al. 2008; Toft and
Andersson 2010; McCutcheon and Moran 2012; Bennett and Moran 2013; Moran
and Bennett 2014; Oakeson et al. 2014; Van Leuven et al. 2014; Campbell et al.
2015, 2017, 2018). What are the molecular mechanisms that shaped the genome
architecture and composition? Stated generally, evolution trends to remove redun-
dant functions in the cells to keep their metabolic balance between metabolic
capabilities and energy provisioning from the environment. Insect bacterial symbi-
onts have constant provisioning of nutrients, leading to some redundant metabolic
capabilities. However, this redundancy relies on the insect host diet. Many of the
examples described here feed on unbalanced diets, as plant xylem and phloem,
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whose quality has driven the bacterial species selection and shaped partially their
metabolic capabilities to become nutritional symbionts; i.e., Buchnera aphidicola
provides the essential amino acids’ tryptophan and leucine to their aphid hosts,
which are feeding on low-quality phloem (reviewed in Moran et al. 2003). The other
part of metabolism has been modified by the mode of transmission of these bacteria,
which affected both genome structure and composition (reviewed in Silva et al. 2007
and Gil and Latorre 2019). In addition, the process of intracellularization has limited
the bacterial capability to interact with relatives or nonrelatives, due to the loss of
interacting proteins (surface proteins, pumps, and other transporters involved in cell-
to-cell communication). One of the first molecular patterns observed in these
symbionts was the reduction of GC content (both in genes and intergenic regions,
despite being at differential reduction rate), with some minor exceptions as
Hodgkinia cicadicola (DESEM), Tremblaya princeps, or the primary endosymbiont
of Sitophilus oryzae (SOPE). This general tendency was correlated with the loss of
DNA repair genes and with an increase of mutational bias from GC to AT and their
effect on small effective population size. Indeed, the effective population size of a
symbiont species is limited by the number of hosts, the number of infected cells
(forming the bacteriome), and the available space to grow within them, which makes
selection less efficient to remove slightly deleterious mutations. Adding the contin-
uous populational bottlenecks to the equation, symbionts are subjected to strong
evolutionary pressures that accelerate their evolutionary rate leading to divergent
populations between insect species. The lack of horizontal gene transfer or recom-
bination events between these divergent populations has also been correlated with
the genome content reduction and genome GC content, and by the physical limits
imposed by the intracellular lifestyle. It has been also linked to the great gene
synteny observed in the genomes of long-standing endosymbionts (Tamas et al.
2002; Dale and Moran 2006; Moran et al. 2008; Toft and Andersson 2010; Bennett
and Moran 2015; Lopez-Madrigal and Gil 2017). If this evolutionary race leads to
specific and adapted bacterial lineages linked to each insect host species food
selection, how can one explain the coexistence of several reduced symbiont lineages
not being replaced for new ones? And how can one explained the long-term
(measured in millions of years) relationships of almost all these bacterial species?

3.4 GroEL and Other Chaperones in the Preservation
of Bacterial Endosymbionts

As indicated in the preceding section, many insect bacterial symbionts have been
restricted to an intracellular lifestyle for millions of years. This lifestyle has shaped
their genome by means of genome shrinkage, gene loss, acceleration of mutational
rates, increased AT content, by modification of the translational codes (especially in
the tiniest genomes), among others, overall, rendering many of these bacterial
symbionts to constrained biofactories of essential nutrients missing from the insect
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specialized diets. However, due to the population structure of these intracellular
symbionts, some of them have lost key enzymes on the routes they were selected for,
relying on their interaction with ancient facultative symbionts, nowadays known as
coprimary endosymbionts (Fig. 3.2). This metabolic coevolution, by metabolic
complementation of essential pathways, has been recurrent, especially affecting
those species with the smallest/reduced genomes, but is not the complete answer
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Fig. 3.2 An example of metabolic complementation between insect bacterial endosymbionts. At
the left panel, the tryptophan amino acid synthesis pathway coded by the primary endosymbiont
Buchera aphidicola of the pea aphid (Acyrthosiphon pisum). In this case, the first genes trpE, trpG
are located in multicopy plasmid, whereas the remaining genes of the pathway (trpDCBA) are
encoded in the main chromosome. In the cedar aphid Cinara cedri, this essential amino acid is
synthetized by both coprimary endosymbionts, B. aphidicola Cc and Serratia symbiotica Cc
(redrawn from Lamelas et al. 2008; Mori et al. 2016; Gil and Latorre 2019; other examples of
metabolic complementation at Zientz et al. 2004; Manzano-Marín et al. 2016; Campbell et al. 2018;
Gil et al. 2018; Gil and Latorre 2019 and references herein)
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to the main question of how these symbionts have been able to endure this long-term
relationship (Neef et al. 2010; McCutcheon and Von Dohlen 2011; Luan et al. 2015;
Manzano-Marín and Latorre 2016; Manzano-Marín et al. 2016; Łukasik et al. 2017;
Sabater-Muñoz et al. 2017; Bennett and Mao 2018; Gil and Latorre 2019; Mao and
Bennett 2020).

3.4.1 Experimental Evolution Seeds Light into Evolutionary
Processes in Insect Endosymbionts

It is generally known that transgenerational population bottlenecks affect selective
forces swapping deleterious mutations that would affect individual fitness. We have
shown previously that due to the vertical mode of transmission of the bacterial
endosymbionts, bacteria increase AT content and mutational rates linked to the lack
of recombination and DNA repair genes, driving their genomes through genetic drift
instead of being removed by natural selection (Mira et al. 2001; Fares et al. 2002;
Kuo et al. 2009; Wernegreen 2011, 2012; McCutcheon and Moran 2012). In
addition, the signature of purifying selection and positive selection has been iden-
tified in some of the bacterial symbionts, in genes not directly linked with their
metabolic biofactory status (Fares et al. 2002; Toft and Fares 2008; Alvarez-Ponce
et al. 2016; Sabater-Muñoz et al. 2017). In the past years, we have tried to answer the
open question of how the selection-drift balance determines the fate of these
bacterial endosymbionts, by following the simple and elegant experimental evolu-
tion model of Richard Lenski that has probed its utility to the direct insight of
evolutive mechanisms along with computational methods to determine its impact
(Commins et al. 2009; Toft et al. 2009; Toft and Fares 2010; Rainey et al. 2017;
Sabater-Muñoz et al. 2017).

Working with bacteria is a routine in the lab, unless you try to work directly with
yet unculturable insect bacterial endosymbionts or you want to work with plant-
fastidious bacteria as Xylella fastidiosa, which is not the case. Mimicking two
population dynamics, one with single-cell bottlenecks resembling the endosymbiont
intergenerational passage, and the other with 1% of population bottleneck resem-
bling the free-living bacteria, we obtained a fossil record of Escherichia coli K12
MG1655 ΔmutS lines evolved through 4400 generations (Sabater-Muñoz et al.
2017). We observed a genome reduction in the drifted populations, with differences
in the rate of indels between protein-coding and intergenic regions, indicating that
genes were shrinking, some being pseudogenized, and genome was being eroded by
losing a large chunk of DNA containing 42 genes involved in prophage movement
and other IS (insertion sequence) transposases. In addition, genome-wide deregula-
tion was observed, with central metabolism genes upregulated, and genes of cell
localization, cellular components, and biogenesis processes downregulated. This
gradual trend of genetic drift with punctuated events of big deletions has also been
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demonstrated in bacterial symbionts, specifically in Buchnera aphidicola
(as reviewed in Silva et al. 2007). But it opens up new questions, as the implication
of drift and genome erosion on genome architecture and complexity in clonal
bacteria (as seen in endosymbionts or in digital microorganisms), and how protein
evolvability could affect or relax the effects of drift (Mira et al. 2001; Toft and Fares
2010; Whitney and Garland 2010; LaBar and Adami 2016; Bobay and Ochman
2017). Due to the increased number of available genomes, evolutionary studies have
questioned the neutral theory of evolution, especially when determining selective
constraints. Previous methods ignored the evolvability of amino acids within pro-
teins, as they don’t consider the quaternary structure of the same, and the established
atomic connections (Toft and Fares 2010). Once rates of evolution are calibrated,
identification of selection signatures becomes easily transferred to other drifting
systems like the bacterial endosymbionts of insects, being able to distinguish
between adaptive evolution from relaxed constraints of biological systems under
genetic drift (Toft and Fares 2010).

Comparing all these facts (mutational spectrum, population size, population
dynamics) with the selective constraints observed in pairs of bacterial symbionts
compared against pairs of free-living bacteria, we observed a convergent host-
independent evolution (constricted genes not being involved in host–bacteria inter-
action) of endosymbiotic bacteria. Finding six genes (groES, groEL, rplP, rpsJ,
rpsM, and rpsS) highly constrained in each of the five endosymbiotic bacterial
groups tested at that time (Buchnera aphidicola, Blochmania spp., Wigglesworthia
glossinidia, Baumania cicadellinicola, and Blattabacterium spp.). The number of
highly constrained genes was variable between endosymbiotic bacteria, but among
them, we would like to highlight the chaperones or buffering proteins coded by
genes: groEL, groES, dnaK, clpB, clpX, cspE, ahpC, and ptsH, especially the first
three ones, in the next heading (Sabater-Muñoz et al. 2017).

3.4.2 Chaperones, Moonlighting Proteins, with Mutational
Robustness Properties Protect Drifting Genomes

Despite not finding many highly constrained genes conserved between all the
symbiotic bacteria here presented, some of the constrained genes identified have
been related to maintenance of drifting systems, as the chaperonin GroEL (Fares
et al. 2002, 2004; Toft and Fares 2010).

The chaperonin GroEL and its cochaperoning GroES (also known as cpn60 and
cpn10, respectively) belong to the heat-shock protein HSP60 family. A ubiquitous
and essential protein in bacteria and eukaryotic organelles is implied in the proper
folding of other proteins, either naturally or after heat stress, in the proper assembly
of the protein complex and protein transport (reviewed in Horwich et al. 2007).
These two proteins form a homotetradecamer organized in two heptamer rings back-
to-back oriented, while the GroEL monomer is divided into three domains: the apical
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(binds unfolded proteins), intermediate (allows structural transition between trans
and cis conformation), and equatorial (ATPase and folding activities). Despite this
protein being highly conserved among bacteria, some amino acid sites not implied in
the canonical folding activity have been identified through coevolution analysis,
supporting the evolutionary plasticity of GroEL across the entire bacterial phylog-
eny, and the implication of some regions within the protein implied in other
functions, which was a proof of the moonlighting nature of this protein (Fares
et al. 2002; Ruiz-González and Fares 2013; Kupper et al. 2014; Fares 2015).

As indicated previously, population dynamics affect endosymbiont genome
structure, composition, and by hence symbiont fate, rising clonality as a key
microbial trait due to lack of gene exchange mechanisms (Shapiro 2016). These
bacterial clones are destined to disappear unless a molecular mechanism helps them
evade this fate. Nearly 40 years ago, Ishikawa already identified the protein involved
in the maintenance of symbiosis, called symbionin, which was further identified as
GroEL (cpn60) (Ishikawa and Yamaji 1985). But its moonlighting activity as
mutational buffering systems was not unveiled until nearly 20 years later (Fares
et al. 2002, 2004; Fares 2015). Again, by using experimental evolution with clonal
dynamics, Fares and coworkers demonstrated that the system GroEL/ES buffers
against deleterious mutations, recovering fitness by overexpressing the chaperone
(Fares et al. 2002). This is precisely the link with the bacterial endosymbionts of
insects, the mutational robustness property of GroEL/ES that allows genetic drifting
genomes to persist during evolutionary times if overexpressed. The Fares’ group
have proved that there is a link between mutational robustness provided by GroEL/
ES and DnaK (another chaperone with moonlighting activities involved in early
protein folding) and evolvability by unveiling the mutational landscapes,
transcriptomic profiles, and phenotypic characterization of clonal lines subjected to
several populational dynamics (Fares et al. 2002, 2004; Williams et al. 2010;
Williams and Fares 2010; Fares 2015; Sabater-Muñoz et al. 2015; Aguilar-
Rodríguez et al. 2016; Alvarez-Ponce et al. 2016; Fares 2016). These two proteins,
GroEL/ES and DnaK, are naturally overexpressed in many endosymbiont species,
not only in the highly studied Buchnera aphidicola.GroEL/ES has been found in the
hemolymph of the host insects, with not-yet-unveiled function, but is implied in
several processes linked to host immunity avoidance to assure appropriate transmis-
sion of bacterial endosymbionts from mother to insect offspring (Chaudhary et al.
2014; Freitak et al. 2014; Jeffery 2018). These “environmental services” are some-
how exploited by other plant pathogens, the plant viruses vectored by insects
(Eleftherianos et al. 2013; Kliot and Ghanim 2013; Jeffery 2015). Naturally, the
endosymbionts overexpress GroEL/ES with a survivorship purpose, but this has a
strong metabolic cost for the bacteria. As indicated, the active form of GroEL is a
homotetradecamer organized in two heptamer rings, plus a heptamer ring of GroES,
whose production cost to the cell is 28,364 ATP molecules per active complex
(4 ATP molecules per synthetized amino acid, with 7 � 97 amino acids for GroES
ring and 14 � 458 amino acids for GroEL barrel). Its overproduction (either by
overexpression of operon from plasmid or by amplification of chromosome num-
bers) is energetically costly to the cell, imposing a fitness cost to the organism. We
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demonstrated that overexpression of either GroEL or DnaK imposes a metabolic cost
to the cell, only supported by drifting populations as the ones observed in insect
bacterial endosymbionts. Escherichia coli lines, subjected to experimental evolution
under two populational dynamics, tend to remove and silence the chaperone plas-
mids in short term. Whereas when applying clonal dynamics, only the lines with
overexpression of GroEL or DnaK can survive long term, until plasmid is lost by
unpaired distribution between daughter cells (Sabater-Muñoz et al. 2015; Aguilar-
Rodríguez et al. 2016; unpublish results). It remains to be explored: What happens
then, if we reach the overexpression through chromosome amplification or by
promoter modulation?

3.5 Future Directions

As described in this chapter, insects harbor a plethora of bacterial species, many of
them since memorial times, when the life on the earth was evolving in the Pangea
continent. This long evolutionary relationship has shaped both host and endosym-
biont, while the first symbiotic partner, the host, can innovate thanks to the biologic
capabilities (not restricted to metabolism) raised by the bacterial partner as abiotic
and biotic stress resistance. The bacterial partner is subjected to evolutionary con-
straints that despite what was thought still allows for biological innovation (through
transcriptional and protein divergence). Thanks to these studies, some bacterial
endosymbionts or some of their main protein complexes have been identified as
putative targets for insect pest control measures (like endosymbiont-drive population
control, or virus trapping with GroEL/ES) or for biomedical applications (Kupper
et al. 2014). However, as highlighted in this chapter, the innovative potential of these
endosymbionts may/would disrupt the devised biotechnological or biomedical appli-
cations deserving further research.
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Chapter 4
Epidemiology of Nucleus-Dwelling
Holospora: Infection, Transmission,
Adaptation, and Interaction
with Paramecium

Martina Schrallhammer and Alexey Potekhin

Abstract The chapter describes the exceptional symbiotic associations formed
between the ciliate Paramecium and Holospora, highly infectious bacteria residing
in the host nuclei. Holospora and Holospora-like bacteria (Alphaproteobacteria) are
characterized by their ability for vertical and horizontal transmission in host
populations, a complex biphasic life cycle, and pronounced preference for host
species and colonized cell compartment. These bacteria are obligate intracellular
parasites; thus, their metabolic repertoire is dramatically reduced. Nevertheless, they
perform complex interactions with the host ciliate. We review ongoing efforts to
unravel the molecular adaptations of these bacteria to their unusual lifestyle and the
host’s employment in the symbiosis. Furthermore, we summarize current knowledge
on the genetic and genomic background of Paramecium–Holospora symbiosis and
provide insights into the ecological and evolutionary consequences of this interac-
tion. The diversity and occurrence of symbioses between ciliates and Holospora-like
bacteria in nature is discussed in connection with transmission modes of symbionts,
host specificity and compatibility of the partners. We aim to summarize 50 years of
research devoted to these symbiotic systems and conclude trying to predict some
perspectives for further studies.
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4.1 Characteristics of Holospora and Holospora-Like
Bacteria

Symbioses and especially intracellular symbioses are drivers of evolution and
biological innovation. The interaction between unicellular eukaryotic host and
intracellular symbionts is naturally rather intimate as any interruption leading to
the decay of the symbiotic system may ultimately cause the death of the host cell
itself. In unicellular eukaryotes, we find a tremendous amount of organismal and
functional diversity regarding intracellular symbionts. Hence, we can use them as
fascinating models to study the mechanisms of bacterial transmission on individual
and the host population level, regulation of interactions between eukaryotic and
prokaryotic cells, and coevolution of host and symbiont. It is no surprise that
symbioses between different groups of protists and prokaryotes continuously attract
scientific attention (Gast et al. 2009; Nowack and Melkonian 2010; Dziallas et al.
2012; Edgcomb 2016; Samba-Louaka et al. 2019). Ciliates, one of the most numer-
ous taxa of protists, harbor a plethora of diverse prokaryotes. The first-discovered
endosymbionts of ciliates were Holospora, and now these and related Holospora-
like bacteria (HLB) are, probably, among the best-studied prokaryotic symbionts of
protists.

Holospora and HLB exhibit several fascinating features. The most conspicuous
are the occupation of the host’s nucleus (Fig. 4.1), their cellular dimorphism with the
eye-catching long infectious form, and their complex life cycle with an infectious
stage. Thanks to the prominent localization and the atypical cell shape, these bacteria
were reported already in very early microscopic studies devoted to Paramecium
(Bütschli 1887). 130 years ago, bacteria in Paramecium nuclei were observed and
described as Holospora (“whole spore”) by Wladimir Hafkine (Hafkine 1890), a
well-known bacteriologist from the laboratory of Louis Pasteur. His descriptions
were confirmed and formalized according to taxonomic rules a century later
(Gromov and Ossipov 1981).

Fig. 4.1 Different paramecia infected with various Holospora species. Holospora undulata (a) in
the Paramecium caudatum micronucleus and Holospora parva (b) and Holospora curviuscula (c)
in the macronuclei of their Paramecium hosts. The nuclei are heavily infected and appear swollen in
size. Note the algal symbionts additionally harbored by Paramecium chlorelligerum (b) and
Paramecium busaria (c). Living cells observed by differential interference contrast microscopy.
Scale bars: 25 μm (a), 10 μm (b, c)
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Holospora and HLB form a monophyletic group within the Holosporales (see
Sect. 4.2.1). All of them are obligate intranuclear bacteria as they live “inside the
control center” of their eukaryotic hosts (Schulz and Horn 2015). They are capable
of vertical and horizontal transmission; thus, they are distributed from mother to
daughter cells and can also infect new hosts after uptake from the environment (see
Sect. 4.1.2).

The only known hosts for Holospora and HLB are ciliates. Relevant features of
ciliates for the symbiotic interaction with HLB are their filter-feeding followed by
phagocytosis, which provides to bacteria a possibility to enter the cell, and their
nuclear dimorphism, as HLB reside in either somatic polyploid macronuclei or in the
germline micronuclei and are restricted to one type or the other.

In this review, we will discuss new insights into adaptation, evolution, and host
interactions of the following Holospora species: H. undulata (type species),
H. obtusa, H. elegans, H. acuminata, H. curviuscula, and “Candidatus1 H. parva.”
As there has been no update since the most recent reviews on the diversity of
Holospora (Fokin and Görtz 2009; Fujishima and Kodama 2012), we will skip
H. recta (Fokin 1991), H. curvata (Fokin and Sabaneyeva 1993), and H. bacillata
(Fokin 1989). The group here termed HLB includes the following bacteria: “Ca.
Preeria caryophila” (Potekhin et al. 2018, basonym: Holospora caryophila), “Ca.
Gortzia infectiva” (Boscaro et al. 2013), “Ca. G. shahrazadis” (Serra et al. 2016),
“Ca. G. yakutica” (Beliavskaia et al. 2020), and “Ca. Hafkinia simulans” (Fokin
et al. 2019).

“Ca. Paraholospora nucleivisitans” (Eschbach et al. 2009) is only distantly related
and lacks typical HLB characteristics (see Sect. 4.2.1). Thus, we will not consider it
here as HLB.

4.1.1 Symbioses between Paramecium and Holospora-like
bacteria

Holospora are obligate intracellular bacteria, i.e., cultivation attempts on artificial
media outside the host have not been successful so far (Fokin and Görtz 2009).
Inside Paramecium, they can elicit dramatic alterations of the host’s nuclear struc-
ture (Fig. 4.1) and impact host growth and fitness (see Sect. 4.3.2). There are no
indications that they are required by their host under any circumstance. Thus, they
can be considered parasites. Nevertheless, we use the more general term “symbiont”
in this review as Paramecium and Holospora may form an intimate, long-term

1Candidatus indicates that these bacteria cannot be cultivated outside their host and thus are not
deposited as a pure culture at two culture collections, preventing their full valid description
according to the International Code of Nomenclature of Prokaryotes. For brevity’s sake, we will
omit Candidatus further on in the text. Organisms originally described before 1980 were given valid
names even when cultivation could not be accomplished.
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interaction; hence, the definition of symbiosis according to de Bary, 1878 (de Bary
1879; Oulhen et al. 2016) applies.

All Holospora species are strictly associated with a Paramecium species. This
pattern of host specificity indicates that the intranuclear symbionts coevolved with
their paramecia hosts. Very rarely Holospora can enter the “wrong” host species and
even complete its infection cycle (Fokin et al. 2005), but yet under laboratory
conditions such associations are very unstable and quickly disappear.

In the following, we will review publications and ongoing efforts conducted to
unravel the molecular adaptations of these bacteria to their unusual lifestyle and the
host’s employment in the symbiosis. Furthermore, we aim to provide insights into
the ecological and evolutionary consequences of this interaction.

4.1.2 Infection, Life Cycle, and Cellular Dimorphism

Holospora and all HLB (see Sect. 4.2.3) display a complex life cycle connected to
the infection process and are characterized by two different cell morphologies that
serve distinct functions (Figs. 4.2 and 4.3). The reproductive forms (RF) are typical
bacterial rod-shaped cells (0.4–1.0 � 2.0–4.0 μm). They can be found multiplying
inside the host nucleus. At some point, they differentiate into infectious forms (IF).
These cells are much longer than RF and can reach up to 20.0 μm. IF shapes can be
straight, spindle-shaped, curved, or sigmoidal (Fig. 4.2; reviewed by Fokin and
Görtz 2009; Potekhin et al. 2018). For several decades, these differences served as
one major diagnostic character for discrimination of Holospora and HLB species
(Gromov and Ossipov 1981; Fokin et al. 1996; Görtz and Schmidt 2005; Fokin and
Görtz 2009; Schweikert et al. 2013).

On the ultrastructural level (Fig. 4.3), IF are subdivided into recognition tip (also
termed infection tip), an enlarged periplasmic lumen, and the remaining condensed
cytoplasm (Ossipov 1981; Görtz and Wiemann 1989). The recognition tip plays an
important role during the escape of IF from the phagosome (Fig. 4.3a) and in
penetration of the nuclear membrane.

IF are the agents of horizontal transmission (Fig. 4.4a). They are released from the
nucleus either during cell division (Fig. 4.4b) or at cell death and can persist for a
certain time outside a host cell (Fujishima et al. 1991). A new infection cycle starts
after phagocytosis of IF by a Paramecium cell. Usually, bacteria inside the
phagosome are digested, but IF can avoid this fate by escaping the digestive vacuole
with the recognition tip spearheading the exit (Fig. 4.4a). This process is triggered by
the acidification of the phagosome. Inhibitors of vacuolar-type ATPases, which
block acidification, prevent IF from leaving the vacuole (Fujishima et al. 1997).
The importance of acidification for the maturation of IF was also shown by exper-
iments where IF of H. obtusa were microinjected into the macronucleus of Para-
mecium caudatum bypassing all intermediate stages of the infection cycle. These IF
did not form constrictions and failed to differentiate into RF (Skovorodkin et al.
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2001). Acidification of isolated IF of H. obtusa induces the production of an
IF-specific antigen (Kawai and Fujishima 2000).

It is debated and remains unclear if the phagosome membrane is collapsed in the
process of IF escape and the bacteria are naked in the Paramecium cytoplasm
(Fujishima 2009) or if the symbionts remain surrounded by remnants of the vacuole
membrane (Ossipov 1981; Görtz and Wiemann 1989). Similar to intracellular
pathogens like Listeria monocytogenes, Shigella flexneri, and Rickettsia conorii
(Stevens et al. 2006; de Souza and Orth 2015), Holospora repurposes the host’s
actin cytoskeleton in order to move intracellularly and to reach the target nucleus.
The actin tail polymerizes at the side of the IF, occasionally nearly perpendicular to

Fig. 4.2 Nuclear infections by Holospora and Holospora-like bacteria. Holospora undulata (a)
and Holospora acuminata (b) in the micronucleus (Mic) of their hosts. Infected macronuclei (Mac)
harboringHolospora obtusa (c, d), Preeria caryophila (e), and a double infection (f) withH. obtusa
(arrow head) and Preeria caryophila (white arrow). The majority of H. obtusa are present as
reproductive forms in C, while in D the number of infectious forms has increased. Scale bars: 10 μm
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the longitudinal cell axis, and serves as driving force for propulsion through the
Paramecium cytoplasm (Sabaneyeva et al. 2009).

Isolated IF can reach the nucleus of a new host within less than 60 min under
laboratory conditions. The quick invasion of host nuclei by Holospora is accompa-
nied by extensive ruffling and perturbations of the nuclear envelope (Ossipov 1981;
Görtz and Fokin 2009). It implies highly specific recognition mechanisms and
bacterial effectors. Indeed, some specific proteins crucial for the escape from the
digestive vacuole and invasion of the target nucleus have been biochemically
identified (Dohra et al. 1994; Iwatani et al. 2005; Abamo et al. 2008).

Once the nucleus is reached, the IF penetrates the nuclear envelope recognition
tip oriented forward. Inside the organelle, IF constrict and differentiate into RF,
which will undergo regular bacterial cell divisions until the next differentiation into
IF (Fig. 4.4a).

Species-specific targeting to only one type of the host nuclei is another major
feature used for Holospora diagnosis (Fokin and Görtz 2009). Rarely, the nucleus
recognition is not precise and symbionts may end up in the nontarget compartment,
especially in course of massive infections (Borchsenius et al. 1990; Ossipov et al.
1993). Still, with exception of H. curviuscula, which was able to colonize simulta-
neously both nuclei and to stay in the nonspecific micronucleus for 3–5 months
(Borchsenius et al. 1990), Holospora species stop their proliferation and are very
quickly lost from the nontarget nucleus (Ossipov et al. 1993; Lebedeva, Skoblo,
Ossipov, pers. comm.).

Fig. 4.3 Tripartite compartmentalization of infectious forms. The typical cell structure of infec-
tious forms (IF) comprises a recognition tip (arrow), the periplasmic lumen (P), and the cytoplasm
(C). Transmission electron micrographs (a-c) show IF of Holospora obtusa exiting from a food
vacuole (a), inside the host cytoplasm (b) and the macronucleus (c). A three-dimensional atomic
force microscopy image (d) depicts two IF of Gortzia infectiva. Note a slight depression of the
surface of both bacteria at the polar recognition tip (arrow). Scale bars: 2 μm. Images were kindly
provided by Dr. Elena Sabaneyeva, St. Petersburg State University (d), and Prof. Sergei Fokin,
St. Petersburg State University & University of Pisa (a-c)
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4.1.3 Molecular Adaptations to an Intranuclear Lifestyle

The uncommon capability to live and replicate inside a host nucleus is characteristic
to Holospora and HLB. Obviously, successful infection of nuclei and stable symbi-
osis (over numerous cell divisions of the host) requires specific adaptations.

Four Holospora genomes have been sequenced so far (Table 4.1), i.e., the
micronucleus-specific species H. undulata (Dohra et al. 2013, 2014) and
H. elegans (Dohra et al. 2014) and the macronucleus-specific H. obtusa (Dohra
et al. 2014) and H. curviuscula (Garushyants et al. 2018). The latter is a symbiont of
Paramecium bursaria, while the other three infect Paramecium caudatum. Further-
more, genome assembly and annotation are in progress for Preeria caryophila
(Potekhin, pers. comm). Even though none of the genomes is closed, they are
relatively large for obligate intracellular bacteria with draft genome sizes ranging
from 1.27 to 1.72 Mb forHolospora (Table 4.1), while Preeria has a smaller genome
of ca. 1 Mb (Potekhin, pers. comm). Comparative analysis (Garushyants et al. 2018)
of four Holospora draft genomes revealed that all contain a considerable fraction of
repetitive DNA (up to 15%), transposases, and phage-related genes.

Holospora rely on their host for energy production and provision of amino acids.
The single major metabolic pathway that is almost intact in all Holospora is the fatty
acids synthesis (Garushyants et al. 2018). All four sequenced Holospora are unable
to synthesize any amino acid and lack the majority of genes involved in energy
production, e.g., basically all enzymes for glycolysis, the Entner-Doudoroff path-
way, the pentose phosphate pathway, the citric acid cycle, and the components of the
F1F0-ATPase (Garushyants et al. 2018). All of them possess the pyruvate dehydro-
genase and can generate ATP by converting pyruvate to acetyl-CoA and further to
acetoacetyl-CoA and acetoacetate (Garushyants et al. 2018). Noteworthy, all
Holospora have a set of ribonucleotide reductases. Hence, given the intranuclear
lifestyle, it is conclusive that Holospora might use host-derived nucleotides and/or
ribonucleotides as energy source (Garushyants et al. 2018). Not only do they encode
ribose transport and nucleotide transport proteins for their uptake (Linka et al. 2003;
Garushyants et al. 2018), they are capable to interconvert them. As the intracellular
abundance of ribonucleotides is estimated to be significantly higher than that of
nucleotides, those have been suggested as preferred energy source for Holospora
(Garushyants et al. 2018). At the same time, RNA synthesis in the transcriptionally
inert micronucleus is several orders of magnitudes lower than in the somatic

Fig. 4.4 (continued) gradually matures into the activated form. Once in the cytoplasm, the IF
recruits the host cytoskeleton for intracellular motility. A perpendicular situated actin comet tail
moves the IF to the target nucleus (here the macronucleus) where it penetrates the nuclear
membrane again utilizing the recognition tip. Inside the nucleoplasm, the IF constricts and differ-
entiates into reproductive forms (RF). These multiply and can undergo further differentiation from
RF into IF. (b) Cell division of Paramecium and division of Holospora-infected nucleus. IF
accumulate in the connecting piece, a structure bridging the dividing nuclei, while RF remain
attached to the chromatin in the nuclei of daughter cells
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Table 4.1 Comparison of genome sizes and GC content of Holospora and related bacteria

Organism
Chromosome
size (Mb)

GC
content Life style

Holospora

Holospora undulataHU1
(NZ_ARPM00000000.3)

1.40 36.1 Intranuclear, micronucleus of Parame-
cium caudatum

Holospora elegans E1
(NZ_BAUP00000000.1)

1.27 36.0 Intranuclear, micronucleus of Parame-
cium caudatum

Holospora obutsa F1
(NZ_AWTR00000000.2)

1.33 35.2 Intranuclear, macronucleus of Parame-
cium caudatum

Holospora curviuscula
NRB217
(NZ_PHHC00000000.1)

1.72 36.1 Intranuclear, macronucleus of Parame-
cium bursaria

Members of
Holosporaceae

Cytomitobacter primus
1604LC
(NZ_CP043316.1)

0.62 30.0 Intracellular, host: Diplonema japonicum

Cytomitobacter
indipagum 1605
(NZ_CP043315.1)

0.63 29.7 Intracellular, host: Diplonema
aggregatum

Nesciobacter abundans
1604HC
(NZ_CP043314.1)

0.62 29.8 Intracellular, host: Diplonema japonicum

Members of
Holosporales

Caedimonas varicaedens
(NZ_BBVC00000000.1)

1.69 42.1 Intracellular, host: Paramecium spp.
(macronucleus of P. caudatum)

Paracaedibacter
acanthamoebae
PRA3 (NZ_CP008941.1)

2.47 41.0 Intracellular, host: Acanthamoeba
sp. UWC9

Members of Rickettsiales

Anaplasma marginale
Florida
(NC_012026.1)

1.2 49.8 Intracellular, life cycle alternates between
ticks and mammals

Wolbachia pipientis
wMel_N25
(NZ_CP042446.1)

1.27 35.2 Intracellular, host: Drosophila
melanogaster

Deianiraea vastatrix
CyL4–1
(NZ_CP029077.1)

1.21 32.9 Extracellular, attached to host: Parame-
cium primaurelia

Midichloria mitochondrii
IricVA
(NC_015722.1)

1.18 36.6 Intramitochondrial, host: Ticks

Rickettsia prowazekii
Madrid E
(NC_000963.1)

1.11 29.0 Intracellular, life cycle alternates between
arthropods and mammals

(continued)
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macronucleus (Freiburg 1988). This could represent the crucial difference between
the two types of nuclei in terms of nucleus preference by Holospora species. Their
ability to propagate exclusively in one type is, probably, connected with metabolic
peculiarities of the respective species.

Regarding infection-related adaptations, there have been substantial efforts to
characterize engaged components both on ultrastructural level and biochemically
(for a summary see Fujishima 2009). Probably the best-characterized protein
involved in the infection of Holospora is the secreted 89-kDa protein of the
recognition tip (Iwatani et al. 2005). It interacts with the phagosome membrane
during IF escape and forms a fine fibrous structure between bacterial and vacuolar
membranes. Comparative genomics revealed that the corresponding gene is con-
served in all fourHolospora genomes (Garushyants et al. 2018). Another interesting,
interspecies-conserved gene encodes the 5.4-kDa periplasm-specific peptide, which
has been described as a major protein of the IF periplasmic region likely playing a
crucial role in the differentiation from RF to IF (Dohra et al. 1997). Genome mining
(Garushyants et al. 2018) in Holospora genomes revealed about fifty proteins either
containing transmembrane helixes or predicted to be secreted. Among them is the
outer membrane protein A (OmpA), which is encoded in multiple copies in all
analyzedHolospora species. OmpA interacts with host glycoproteins and is required
for efficient entry into the host cell in some Rickettsiales (Ojogun et al. 2012), well-
studied obligate intracellular pathogens, which are related to Holospora (Fig. 4.5).

Table 4.1 (continued)

Organism
Chromosome
size (Mb)

GC
content Life style

Rickettsia typhi Wil-
mington
(NC_006142.1)

1.11 28.9 Intracellular, life cycle alternates between
arthropods and mammals

Members of
Rhodospirillales

Rhodospirillum rubrum
ATCC
11,170 (NC_007643.1)

4.35 65.4 Free-living, autotroph

Other
Alphaproteobacteria

Bartonella henselae
Houston-1
(NC_005956.1)

1.93 38.2 Intracellular, life cycle alternates between
fleas and mammals

Other bacteria

Buchnera aphidicola
APS
(NC_002528.1)

0.64 26.3 Intracellular, host: Aphids

Escherichia coli K-12
MG1655
(NC_000913.3)

4.64 50.8 Free-living, heterotroph
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Fig. 4.5 Phylogenetic reconstruction of the order Holosporales demonstrating that Holospora and
Holospora-like bacteria (HLB) share a common ancestor. Maximum likelihood tree was calculated
with IQ-TREE based on an alignment of 94 16S rRNA gene sequences obtained from GenBank
comprising1377 characters. The applied best fit evolutionary model is TVMe+R5. Numbers near
nodes indicated Ultrafast Bootstrap support values of IQ-TREE. Numbers in brackets indicate
sequences in collapsed groups. Symbols depict occupied intracellular localization (black circle –

micronucleus; black ellipse – macronucleus; white ellipse – occasionally macronucleus; white
ellipse with bars – close to macronucleus; no symbol – cytoplasm). Scale bar corresponds to 0.07
sequence divergence. Ca. stands for Candidatus
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However, almost none of the predicted secreted or extracellular proteins have
orthologs with known function in other bacteria. Interestingly, Holospora seem to
lack protein secretion systems besides the complete Sec system (Garushyants et al.
2018). In particular, no type IV VirB secretion system was found, which plays an
important role in host interaction in many Rickettsiales (Gillespie et al. 2015).
Glycosylation of surface structures is likely employed by Holospora, as a loss of
IF infectivity was observed after exposure to alpha-mannosidase (Fujishima et al.
1991). As many glycoproteins are associated with virulence factors of medically
significant pathogens (Schmidt et al. 2003), glycosylation of outer membrane com-
ponents of Holospora might serve specific functions in infection and horizontal
transmission.

As mentioned before, nonmotile Holospora use the host’s cytoskeleton for
intracellular movement (Sabaneyeva et al. 2009) by employing actin polymerization
as a driving force for propulsion through Paramecium cytoplasm. The actin tail,
which in case of Holospora is not localized at the cell pole as, e.g., in Listeria
(Lambrechts et al. 2008) but on its side, is composed of closely packed parallel
microfilaments. Treatment with nocodazole, which interferes with the polymeriza-
tion of microtubules, blocks the transport of IF to the nucleus and indicates that
Paramecium microtubules are required as well in bacterial invasion of the nucleus
(Sabaneyeva et al. 2005).

An intriguing and still open question is the ability of Holospora to discriminate
between the host micro- and macronucleus. The difference between the nuclear
envelope markers of Paramecium nuclei is still elusive, although the pore complexes
have been proposed as nucleus-specific (Iwamoto et al. 2017). Various physical and
chemical treatments (e.g., pH, temperature, detergents, etc.) revealed no effect on IF
recognition and infection abilities. Thus, it was speculated that bacterial surface
proteins might not play a crucial role in organelle targeting (Fujishima et al. 1991).

Once Holospora are inside their target nucleus and differentiated into RF, they
exhibit a strong affinity to host chromatin that IF lack (Görtz and Wiemann 1989;
Fokin et al. 1996). This difference between RF and IF is important for their vertical
transmission (see Sect. 4.1.5). It is intriguing to speculate about additional interac-
tions of Holosporawith components of the host nucleus and their potential outcome,
e.g., alteration of host gene expression (see Sect. 4.1.4, 4.3.2) or symbiont distribu-
tion at host division. Potential factors involved in intranuclear symbiont-host
crosstalk might be IF surface proteins 25 kDa and 50 kDa of size that were identified
to specifically bind to Paramecium nuclear proteins (Ehrsam and Görtz 1999).

4.1.4 Host-Symbiont Compatibility and Dissection
of the Infection Process

The complex series of events leading to the successful establishment of a symbiotic
association can be interrupted at different stages. It is well known that the outcome of
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an infection depends on the combination of both partners’ genotypes (Lambrechts
et al. 2006), which applies also to symbioses between ciliates and Holospora. Some
Paramecium strains can be considered as universal recipients for all strains of a
certain symbiont species, while others are resistant to infection (Barhey and Gibson
1984; Fujishima and Fujita 1985; Rautian et al. 1990, 1993; Skoblo et al. 1996,
2001; Bella et al. 2016). The molecular mechanisms of crosstalk between Parame-
cium and Holospora are unknown, though it was shown that H. obtusa alters the
expression of multiple host genes after establishing endosymbiosis (Nakamura et al.
2004).

The infection cycle of Holospora species has been studied in great detail
(Borchsenius et al. 1992; Rautian et al. 1993; Skoblo and Lebedeva 1993; Skoblo
et al. 1996, 2001; Kawai and Fujishima 2000). It comprises following distinct
stages (Fig. 4.4): (1) entrance by phagocytosis, (2) escape from the food vacuole,
(3) transport to the nuclei and nucleus penetration, (4) differentiation of IF into RF,
(5) propagation of RF in the nucleus, and (6) maturation of RF into next generation
of IF. Each of these stages can be blocked in certain combinations of partners. The
most controversial is selective feeding of paramecia and thereby avoiding the
ingestion of Holospora that has not been firmly proven. On the other hand, carbo-
hydrate residues on the IF surface are important for engulfment by Paramecium
(Sabaneyeva, pers. comm.) and some strains indeed do not engulf Holospora
(Skoblo et al. 1996).

An interesting outcome in some incompatible host–symbiont combinations is the
so-called symbiogenic lysis, in which Holospora simultaneously disintegrate in the
host nuclei (Ossipov et al. 1993; Skoblo et al. 2001). Symbiont cells swell, their
outer and cytoplasmic membranes visibly separate, and ribosomes disappear. Then
bacterial outer membranes are disrupted and the protoplasts finally lyse (Ossipov
et al. 1993). This phenomenon might be related to an unknown Paramecium defense
mechanism or it could be operated by the bacteria themselves. Virus-induced lysis
cannot be ruled out but seems unlikely insofar as no viruses have been observed in
Holospora by transmission electron microscopy. However, in the genome of
H. undulata, a possibly functional prophage is encoded (Garushyants et al. 2018).

Symbiosis establishment between Holospora and Paramecium is a discrete
process that can be interrupted at different stages, confirming that these are inde-
pendently controlled. The regular arresting in a particular combination of partners is
a strong evidence of its genetic determination. Thus, the blockages may be consid-
ered as phenotypic markers of genes involved in symbiosis control. Genetic analysis
of Paramecium bursaria susceptible and resistant to H. curviuscula confirmed that
some infection stages are controlled by several host genes (Makarov, Skoblo and
Ossipov, unpublished). Transplantation of macronuclear karyoplasm from suscepti-
ble Paramecium strains to resistant ones conferred the latter the ability to be infected
by Holospora and allowed to deduce at least three Paramecium genes involved in
susceptibility to infection (Rautian et al. 1996).
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4.1.5 Holospora-Induced Changes of Host Cellular
Machineries

Infections withHolospora (and HLB) comprise numerous consequences for affected
Paramecium cells. First we will discuss morphological and ultrastructural alter-
ations, while ecological and evolutionary consequences will be discussed later (see
Sect. 4.3).

During various steps of their infection cycle, Holospora interfere with host
membranes, the cytoskeleton, and even host chromatin. Most prominent alterations
induced by Holospora are changes in size and shape of infected nuclei (Fig. 4.1).
Besides, Holospora infection often leads to a complete loss of micronucleus,
micronucleus aberrations, or appearance of additional micronuclei in the host
(Ossipov 1981).

The nuclei can be completely filled with bacterial cells and enormously swollen in
size and volume. In micronuclear infections by H. undulata, the infected organelle
can increase its volume up to 80 times (Fig. 4.1a; Ossipov 1981). Astonishingly,
paramecia do not necessarily always suffer from such an occupation of their nuclei,
but the effects can differ dramatically. Hyperinfections, when the macronucleus
occupies the major volume of the cell and is densely packed with IF, almost always
end lethally for the host cell in case of H. obtusa or H. curviuscula (Ossipov 1981;
Borchsenius et al. 1983). It was also one cause of failure in the formation of a stable
symbiotic system between Paramecium strains and Preeria caryophila, while in
some other cases paramecia could not survive exposure to P. caryophila at early
stages of infection development for unknown reasons (Potekhin et al. 2018).

The universal consequence of Holospora presence in the nuclei is a decrease of
DNA content, dispersion of chromatin and nuclear aberrations, even when the
infection was cured or disappeared (Ossipov 1981; Rautian et al. 1993). It is
unknown how the intranuclear bacteria interact with the genetic material of the
ciliate, but they do not cause significant damage to the integrity of the macronuclear
genome (Potekhin et al. 1999).

Holospora can impact the regular course of sexual processes in their hosts. These
are autogamy, a process of self-fertilization, and conjugation (Mulisch 2003).
During conjugation, two ciliate cells adhere to each other and build a temporary
cytoplasmic bridge. The micronuclei of each conjugant cell undergo meiosis and
then mitosis, and haploid gametic pronuclei are exchanged between the paired cells.
In each cell, they fuse to form zygotic nucleus, which divides mitotically. Anlagen of
new micronuclei and macronuclei start to develop, while the old macronucleus
degrades gradually. Similarly, autogamy involves meiosis and further mitosis of
the micronuclei and fusion of haploid pronuclei but in the same cell, followed by
development of the new macronucleus and disintegration of the old one. Thus, the
intracellular habitat of Holospora species is destroyed at each sexual event, which
can occur more or less frequently, depending on the biology of the host species. For
example, species of the Paramecium aurelia complex pass autogamy every 25–30
vegetative divisions (Potekhin et al. 2018), while for Paramecium caudatum or
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Paramecium bursaria autogamy has never been observed and conjugation can be
rare. The intranuclear bacteria have evolved different strategies to cope with sexual
processes of their host (see Sect. 4.3.2). For example, H. undulata inhibits conjuga-
tion as ultimate consequence (Görtz and Fujishima 1983; Fokin and Görtz 2009).
Preeria caryophila, instead, does not prevent sexual processes in its host (Potekhin
et al. 2018), but reinfects the new macronuclear anlagen (see Sect. 4.2.2). Elimina-
tion of the infection with H. undulata resulted in retrieval of host’s ability for sexual
processes (Ossipov 1981). Interestingly, H. elegans occasionally produce irrevers-
ible changes in the micronucleus that when ciliates were cured of the infection, they
could not proceed with regular conjugation (Fujishima and Görtz 1983).

Transmission ofHolospora also involves the modification of typical Paramecium
cell structures and processes. During its vegetative cell cycle, Paramecium repro-
duces by binary fission and its two types of nuclei undergo mitosis (micronuclei) or
amitotic division (macronuclei). Once the cell divides, the bacterial symbionts are
transmitted along with their host organelle. Over the course of host nucleus division,
Holospora induce formation of the so-called connecting piece, resulting of IF
concentration in a particular median body of the dividing nucleus (Fig. 4.4b). This
process has been intensively studied in Holospora and HLB (Fokin et al. 1996;
Fokin and Görtz 2009). Holospora IF remain in the connecting piece linking the
parts of dividing nucleus. While RF are accumulated in the new nuclei due to their
high chromatin affinity and are distributed to the clonal offspring, the IF are collected
in the connecting piece in order to maximize their exit from the host and further
transmission success (Fig. 4.4b). Indeed, after the karyokinesis, the connecting piece
gets in cyclosis and is eventually expelled from the cytoproct, so that IF can start a
new infection cycle (Wiemann and Görtz 1989; Fokin et al. 1996). The formation of
the connecting piece has been used to differentiate between “classic” Holospora
species and other bacteria, here termed HLB (Fokin et al. 1996). None of the latter
are able to provoke connection piece formation in their hosts (see Sect. 4.2.2).
However, since H. parva, the most recently described Holospora species found in
the extremely rare Paramecium chlorelligerum, also does not induce connecting
piece formation (Lanzoni et al. 2016), it cannot be considered as an apomorphic
feature for all Holospora species.

4.2 Differences and Similarities between Classic Holospora
and Holospora-Like Bacteria

Our understanding of the diversity, occurrence, and phylogeny of symbionts, not
only those of ciliates and other protists, is constantly increasing. For Holosporaceae
(Fig. 4.5), ten new reports were published recently (Boscaro et al. 2013, 2019;
Lanzoni et al. 2016; Serra et al. 2016; Tashyreva et al. 2018; Potekhin et al. 2018;
Fokin et al. 2019; Konecka and Olszanowski 2019; Takeshita et al. 2019;
Beliavskaia et al. 2020). Characteristic features of HLB are the cellular dimorphism
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connected to the diphasic infectious life cycle, the special ultrastructural organiza-
tion of IF shared with Holospora species, and occupancy of the host nucleus as a
major niche in the host cell. The question if all these new symbionts should be
considered as HLB or if they are simply a group of related bacteria with different
characteristics is discussed (see Sect. 4.2.1).

4.2.1 Evolutionary History and Systematics ofHolosporaceae

At the time of its description, the family Holosporaceae (Görtz and Schmidt 2005)
was included in the order Rickettsiales within Alphaproteobacteria. Recently, the
order Holosporales (Szokoli et al. 2016) was establised as a sister group to
Rickettsiales and has been confirmed according to several phylogenetic reconstruc-
tions (Boscaro et al. 2019; Castelli et al. 2019; Fokin et al. 2019). This interpretation
was then called into question (Muñoz-Gómez et al. 2019). Whether phylogenomics
based on increasing data sets affiliates Holosporales with Rickettsiales or
Rhodospirillales is awaiting future studies.

Still, Rickettsiales and Holosporales have many features in common. Both
contain exclusively intracellular bacteria (with the prominent exception of the
epibiotic parasite Deianiraea; Castelli et al. 2019) colonizing hosts from various
groups of protists. Holosporales currently includes four families (Fig. 4.5) and all
HLB are members of the family Holosporaceae. However, we recommend to avoid
using the term HLB synonymously with Holosporaceae. The latter additionally
comprises several recently detected symbionts, e.g. Mystax (Korotaev et al.
2020), Nesciobacter (George et al. 2019), Cytomitobacter (Tashyreva et al. 2018),
Hydrogenosomobacter (Takeshita et al. 2019), and Fujishimia (Boscaro et al. 2019),
which live and replicate within their host’s cytoplasm and apparently are not
characterized by two morphological stages and do not clearly exhibit a life cycle
with horizontal transmission.

On the other hand, two Holosporaceae members besides HLB show a certain
degree of affinity for the host nucleus (Fig. 4.5): Bealeia paramacronuclearis
(Szokoli et al. 2016) that generally accumulates in close proximity to the host
macronucleus, and, more prominent, Paraholospora nucleivisitans (Eschbach
et al. 2009). This symbiont of Paramecium sexaurelia alternates between the
cytoplasm and the nucleus but never occupies both subcellular compartments simul-
taneously. Thus, this symbiont shares certain features associated to HLB but lacks
the HLB-typical infectivity and cellular dimorphism. Furthermore, Paraholospora
nucleivisitans branches separately in phylogenetic reconstructions (Fig. 4.5). Thus, it
should not be considered as HLB.
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4.2.2 Occurence of Holospora-Like Bacteria: Host Range
and Cellular Compartments

Potential hosts for Holospora are members of the genus Paramecium, while HLB
may also be harbored by other ciliates (reviewed by Fokin and Görtz 2009;
Fujishima 2009). Next to IF morphology and occupied host compartment, the host
species was used as a pivotal feature for the discrimination between Holospora
species. As with the type of host nuclei, each Holospora species can infect only a
single Paramecium species (Fokin and Görtz 2009; Fujishima and Kodama 2012).
HLB, as in case of Preeria caryophila and potentially Gortzia infectiva, are not
restricted to a single host species (Boscaro et al. 2013; Potekhin et al. 2018).
Hafkinia simulans can infect hosts other than Paramecium (Fokin et al. 2019).

Interestingly, species infecting the huge polyploid macronucleus are more numer-
ous than those colonizing the much smaller micronucleus (Fig. 4.5) with just
H. elegans, H. undulata, and H. acuminata as micronuclear symbionts. It should
be mentioned that there is increasing doubt if H. elegans and H. undulata truly
represent two distinct species (Garushyants et al. 2018), especially as H. undulata is
known for a high degree of morphological plasticity (Skoblo et al. 1996; Lebedeva,
pers. comm). All described HLB infect exclusively macronuclei (Figs. 4.2 and 4.5).

The HLB phylogenetically closest to the genus Holospora is Hafkinia simulans.
It does not infect Paramecium but has been found in the brackish water ciliate
Frontonia salmastra (Fokin et al. 2019). Both Paramecium and Frontonia belong to
the order Peniculida. Hafkinia differentiates into RF and IF, the latter showing
compartmentalization typical for Holospora. Still, Hafkinia IF differ from
Holospora IF as they exhibit ultrastructural variability and present occasionally
two recognition tips (Fokin et al. 2019). Furthermore, the IF of Hafkinia are the
largest described so far (up to 30 μm). They have a very peculiar spindle form, which
strongly resembles in shape and dimensions the diatom Phaeodactylum tricornutum,
a prey organism of Frontonia salmastra. This morphology might have evolved to
increase the likelihood of phagocytosis and, thus, horizontal transmission success
(Fokin et al. 2019).

The only HLB genus yet with more than a single described species is Gortzia. It
comprises G. infectiva from Paramecium jenningsi (Boscaro et al. 2013),
G. shahrazadis from Paramecium multimicronucleatum (Serra et al. 2016), and
G. yakutica from Paramecium putrinum (Beliavskaia et al. 2020). G. infectiva was
isolated from a habitat in which its host organism, Paramecium jenningsi,
co-occurred with Paramecium quadecaurelia cells. The latter carried G. infectiva
in the macronucleus, but when monoclonal strains were established the infection was
lost from Paramecium quadecaurelia. Reinfection experiments revealed that the
bacteria could enter the nucleus but failed to complete their life cycle (Boscaro et al.
2013). All three Gortzia species infect the macronuclei of their hosts and present two
distinct morphologies. Their IF have typical appearance of Holospora IF, as
observed by light (Beliavskaia et al. 2020), transmission electron microscopy
(Boscaro et al. 2013; Serra et al. 2016), and atomic force microscopy (Fig. 4.3d).

4 Epidemiology of Nucleus-Dwelling Holospora: Infection, Transmission,. . . 121



A special case is the cytoplasmic extrusion in the periplasmic space observed in IF of
G. shahrazadis (Serra et al. 2016).

Preeria caryophila [basonyms: Holospora caryophila; alpha particles] infecting
the macronucleus of Paramecium aurelia is known since the 1960s (Preer 1969) and
has been recently redescribed as type species of the new genus (Potekhin et al. 2018).
Preeria caryophila also alternates tiny RF and short IF (max. 6 μm, Fig. 4.2e) in its
life cycle. It exhibits the broadest host range described for HLB comprising at least
eleven Paramecium species (Potekhin et al. 2018).

Interestingly, HLB show a higher degree of flexibility not only in regards of
ciliate host species but also in the confinement to the nuclear compartment. All HLB
have been observed occasionally in the cytoplasm of their hosts (e.g., Preeria
caryophila in Fig. 4.6). IF in the cytoplasm might occur as a result of inversion of
the infection process, which allows the release of IF from the infected nucleus (Fokin
et al. 2019). The latter may facilitate the exit from the ciliate cell for intranuclear
symbionts unable to induce the connecting piece formation (Fig. 4.3b). Another,
nonexclusive explanation is that occasional, potentially temporary, visits to the
cytoplasm are a part of the life cycle of these HLB. Evidence therefore has been
obtained in G. shahrazadis and P. caryophila. For G. shahrazadis, numerous IF and
even multiplying RF were observed in Paramecium cytoplasm in long-persisting
associations (Serra et al. 2016). In case of P. caryophila, singular IF often roam
outside the macronucleus as observed during conjugation (Fig. 4.6a) or autogamy
(Fig. 4.6b; Potekhin et al. 2018). This ability is likely responsible for the fact that
some macronuclear HLB (but not Holospora) can infect Paramecium species that
regularly undergo autogamy. Those are for example members of the Paramecium

Fig. 4.6 Behavior of Preeria caryophila during sexual processes of their host. (a) Conjugating
couple of Paramecium novaurelia, Preeria caryophila cells are present in both macronuclei (Mac)
and some infectious forms (IF) are visible in cytoplasm (white arrows). (b) Postautogamous
Paramecium biaurelia cell stained with lacto-aceto-orcein, IF are visible in old macronuclear
fragments and in the cytoplasm (black arrows). Bright yellow structures are crystals, typical for
paramecia Living (a) and fixed (b; with glutaraldehyde) cells observed by differential interference
contrast microscopy. Scale bars: 30 μm (a) and 50 μm (b)

122 M. Schrallhammer and A. Potekhin



aurelia species complex and Paramecium jenningsi, which can harbor Preeria
caryophila and Gortzia infectiva. Some Preeria IF are not enclosed in fragments
of the old macronucleus but appear in the cytoplasm. These can immediately reinfect
the new macronucleus once it is formed (Potekhin et al. 2018). Thus, with such an
apparently effective strategy at hand, it is not surprising that Preeria does not prevent
autogamy or conjugation (Fig. 4.6) of infected Paramecium strains (Potekhin et al.
2018).

4.3 Ecological and Evolutionary Consequences
of Symbiosis with Holospora and Holospora-Like
Bacteria for Paramecium

4.3.1 Low Frequency of Paramecium–Holospora Symbioses
in Nature

The low frequency of associations between Paramecium and their infectious bacte-
rial symbionts in nature is paradoxical. Indeed, Paramecium caudatum, many
species of the Paramecium aurelia complex, Paramecium bursaria, and Parame-
cium multimicronucleatum, the natural hosts ofHolospora, Preeria, andGortzia, are
rather common ciliates, and potentially many strains are capable of harboring
symbionts. Extensive infection studies (Potekhin et al. 2018) demonstrated that at
least 20–30% of Paramecium aurelia strains can host P. caryophila. In parallel, all
Holospora and HLB are highly infectious bacteria able to colonize their hosts
quickly and efficiently. However, there are only dozens of Paramecium-Holospora
and HLB associations known to ever have been isolated from the environment and
maintained in laboratory collections. Why are infected ciliates not more prevalent?

One explanation is that symbionts may easily get lost under changing environ-
mental conditions. Indeed, ciliates may face periods of nutrient surplus when they
can divide much faster than their symbionts, thus critically diluting the number of
intracellular bacteria per host. On the contrary, they may sometimes face starvation.
Ciliates carrying parasitic bacteria as a burden would be outcompeted or, possibly,
would not be able to supply the symbionts sufficiently with necessary metabolites.
At the same time, under constant laboratory conditions H. obtusa can persist in
Paramecium caudatum strains for at least 30 months, which corresponds to more
than 1000 ciliate vegetative divisions (Ossipov 1981). Moreover, the associations
between Paramecium and P. caryophila may last for years in the laboratory, for
example Paramecium biaurelia strain 562 maintains P. caryophila already for more
than 50 years (Preer 1969; Potekhin et al. 2018).

This discrepancy might be explained by the variation in environmental factors
influencing the populations of paramecia carrying Holospora as symbionts. Para-
mecium caudatum populations became unstable and declined when exposed to
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variable temperature conditions. Furthermore, the impact of infection byH. undulata
was additive and enhanced the overall negative effect of the variable environment on
Paramecium (Duncan et al. 2011). Environmental fluctuations also caused a
decrease in H. undulata prevalence in the host population (Duncan et al. 2011).
Moreover, patterns of temporal and spatial environmental fluctuations can impact
parasite spread and host population abundance in nature and should be considered in
prediction of parasite transmission and epidemics (Duncan et al. 2013). Clearly, such
fluctuations are avoided in laboratory culture maintenance.

Another possible cause of a low prevalence of symbiont-bearing ciliates in nature
is that infected cells might face a higher risk of extinction. Misbalanced symbiosis
leading to hyperinfection is one cause of death of a ciliate (see Sect. 4.1.5). It was
shown that H. undulata infection of Paramecium caudatum frequently leads to
karyopyknosis (irreversible condensation of chromatin) and further loss of the
micronucleus during the first day of infection, which is not always lethal for a ciliate
but decreases its fitness (Ossipov et al. 1983). Similarly, up to 54–90% of Parame-
cium bursaria cells were losing micronuclei after experimental infection by
H. acuminata (Skoblo and Lebedeva 1993). The most likely explanation for this
phenomenon is the damage of micronuclear membranes due to multiple events of
bacterial penetration in experimental infection conditions. It is important to empha-
size that multiple penetrations by Holospora under environmental conditions are
rather unlikely according to the assumed low frequency of IF. Thus, any infected
ciliate isolated from nature presumably contains a monoclonal strain of symbionts,
as infection probably mostly starts with single IF entering the host (Ossipov 1981;
Skoblo and Lebedeva 1993).

Finally, infected paramecia may get outcompeted in nature by symbiont-free
ciliates, which do not have to share resources with bacterial residents. On the other
hand, benefits provided by HLB under certain conditions might balance the cost of
infection, e.g., the observed increased exponential growth rate in Paramecium when
infected by P. caryophila (Bella et al. 2016) or increased stress tolerance (see Sect.
4.3.2).

Of course, it is also possible that infections with Holospora and HLB are not as
rare in nature as perceived. The standard approach to search for bacterial infections is
sampling and further isolation and cultivation of ciliates. Infected specimens might
get quickly lost or simply overlooked during initial picking cells from environmental
samples and introducing them into laboratory maintenance. In this regard, it is worth
noting that in water samples collected in the last 7 years from ponds, streams, and
ditches of Peterhof, a small suburb of Saint Petersburg, eight Paramecium species
and all seven matching Holospora species and P. caryophila were retrieved
(Lebedeva, pers. comm.). Continued efforts in the assessment of the diversity and
occurrence of symbionts of protists will provide a better insight in this puzzling
aspect of HLB epidemiology.
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4.3.2 Interference of Intranuclear Symbionts with the Host
Nuclei and Host Stress Response

Symbionts influence individual hosts as well as their populations. One of the most
important criteria defining a population is interbreeding of its members. In ciliates,
sexual processes result in the complete renovation of the nuclear apparatus in a very
short time period, and there is no continuous line of either micronuclei or
macronuclei in sexual generations. The micronucleus passes through a series of
meiotic and mitotic divisions, while the old macronucleus gets completely
demolished at each sexual process and is formed de novo from micronucleus
derivatives. Thus, Holospora species either have to prevent conjugation of their
host or get lost (Fokin 1998). Still, conjugation in presence of H. elegans was
reported (Fujishima and Görtz 1983). Some bacteria managed to remain in the
pronuclei, but survival of infected exconjugants was severely reduced compared to
aposymbiotic cells as they were not able to form new macronuclei and regenerated
the old ones (Fujishima and Görtz 1983).

While micronuclear symbionts may mechanically interfere with meiosis, there is
no plausible explanation of inhibition of host conjugation by H. obtusa residing in
the macronucleus than its influence on host gene expression. As discussed, Preeria
caryophila does not prevent sexual processes in its host and, instead, temporarily
escapes from the transforming nuclei into cytoplasm; there are no data concerning
conjugation of ciliates infected by Gortzia or Hafkinia.

Holospora are parasites. A heavy infection of the Paramecium macronucleus by
different Holospora results in a decreased fission rate of the ciliates (Ossipov 1981;
Borchsenius et al. 1983). Only in case of the symbiosis between Paramecium
chlorelligerum and H. parva the slow growth of infected cells was consistent with
that of uninfected ones (Lanzoni et al. 2016). At the same time, no retarding effects
on host divisions rates were reported for other symbionts (Ossipov 1981; Kaltz and
Koella 2003; Castelli et al. 2016). Interestingly, if the host culture experiences
unfavorable cultivation conditions and thus reduces cell division rate, H. undulata
apparently becomes more virulent (Magalon et al. 2010; Dusi et al. 2015). Elevated
host division rates, on the other hand, increased the levels of parasite vertical
transmission and resulted in a near-complete loss of infectivity (Dusi et al. 2015).
Insufficient time for the bacteria to mature into IF could explain at least partially
these observations, but, obviously, the balance between host division rate as well as
prevalence and infectivity of symbionts is rather delicate.

Paramecium have been shown to acquire heat-shock resistance (Hori and
Fujishima 2003) and osmotic shock tolerance (Smurov and Fokin 1998) when
infected by Holospora. This was considered as an advantageous effect of the
symbiosis (Hori et al. 2008). An increase of Hsp70 expression is also known from
other symbiotic systems (Kodama et al. 2014; Grosser et al. 2018). It might be either
specifically induced by the symbionts or represent part of the Paramecium stress
response to a large-scale infection. Nevertheless, elevated levels of Hsp70 allowed
paramecia infected by H. obtusa to survive at nonpermissive temperatures (Hori and
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Fujishima 2003). Infected cells were able to maintain the ciliary movement and
continued active swimming at temperatures above and below the physiological
range of Paramecium (Fujishima et al. 2005). Heat resistance was not acquired by
Paramecium caudatum infected by H. undulata, but this symbiont conferred
osmotic shock tolerance to some strains (Duncan et al. 2010).

4.3.3 Epidemiology of Paramecium-Holospora Symbioses
and Impact of Environmental Factors

Many epidemiological parameters of Paramecium-Holospora associations are still
unknown. Success of infection is higher if more bacteria simultaneously enter the
target nucleus, as each IF generates several multiplying RF. Even such small initial
differences can strongly influence the subsequent intensity of infection (Fels et al.
2008). Interestingly, direct transmission from infected cell to recipient as occurring
in nature is at any rate not less efficient than experimental infections utilizing
homogenates of heavily infected paramecia. The presence of a single infected
donor cell was sufficient to infect a population of naïve paramecia with the same
rate and prevalence (Potekhin et al. 2018). Optimal parasite strategies may depend
on the balance between local transmission and the capacity to reach new habitats
through dispersal (Lion and Boots 2010). Surprisingly, Holospora-bearing ciliates
tended to disperse less in interconnected microcosms (Fellous et al. 2011).

In the Paramecium–Holospora interaction, a negative correlation between the
growth rate of the host and the parasite’s investment in horizontal transmission has
been observed. The results suggest a tradeoff between efficient vertical and hori-
zontal transmission. If conditions for Paramecium replication decline, the symbionts
switch to horizontal transmission (Kaltz and Koella 2003). Addressing the effects of
early and late stages of infection, parasite load, and food abundance, it was shown
that a reduced availability of food and thus a lower division rate of the host correlates
with a higher Holospora virulence (Restif and Kaltz 2006).

Paramecium offers sufficient resources to host multiple bacterial infections.
Paramecia with double infections by Caedimonas varicaedens (Preer 1969;
Schrallhammer et al. 2018) or Megaira polyxenophila (Schrallhammer et al. 2013)
with P. caryophila, Megaira polyxenophila, and H. undulata (Lanzoni et al. 2019),
and even H. obtusa and P. caryophila (Fig. 4.2f) are rarely but repeatedly detected in
environmental samples. Simultaneous infection of both nuclei of Paramecium
bursaria with H. curviuscula and H. acuminata was achieved many times
(Borchsenius et al. 1983). Similarly, the presence of Caedimonas varicaedens in
the macronucleus did not prevent an infection with micronuclear-specific Holospora
(Skoblo et al. 1996). Even experimental double infections of naïve paramecia were
obtained (Duncan et al. 2018), albeit at rather low frequencies. The most exceptional
case was likely that of H. undulata (normally restricted to micronuclei) infecting a
macronucleus already inhabited by H. obtusa (Lebedeva et al. 1992). Holospora can
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even serve as shuttle transporting free-living bacteria to the macronucleus (Fokin
et al. 2004).

However, antagonistic interactions between different bacterial symbionts have
also been observed. Resident symbionts might prevent the efficient colonization of
the same host by other bacteria, even if both occupy different compartments (Fokin
et al. 1987; Görtz 1987). Mixed infection experiments showed that competitive
exclusion is more common than coexistence (Duncan et al. 2018). It is tempting to
speculate that certain symbionts may provide their host colonization resistance
against invasion by other, potentially harmful microorganisms (Plotnikov et al.
2019). Bacterial competition for the host cell, interactions of two different symbiont
species in one host, and tradeoffs of multiple bacterial symbioses remain to be
further studied.

4.4 Outlook and Perspectives

In this chapter, we aimed to summarize currently available data on the formation and
maintenance of very peculiar symbiotic systems, where Holospora and HLB reside
directly in the nucleus of their host. This field has experienced tremendous progress
in the last decade. The expansion of state-of-the-art technologies, first of all Next-
Generation Sequencing together with current microscopy and molecular biology
techniques, now opens extremely interesting directions for further studies of Para-
mecium-Holospora and HLB symbioses.

The genomes of several Paramecium species have been sequenced and are
available at ParameciumDB (Arnaiz et al. 2019), and the genomes of several
Holospora species are either sequenced (Dohra et al. 2013, 2014; Garushyants
et al. 2018) or in progress. These are the prerequisites for in-depth interaction
analyses by transcriptomics. Comparative transcriptomics together with genetic
dissection of the symbiotic systems will allow to detect the genes of host and
symbiont differentially expressed at each stage of symbiosis development and
maintenance. Further studies of such genes’ functions will approach the molecular
interaction mechanisms of both partners and potentially may lead to the identifica-
tion of new bacterial effectors.

Even in mutually beneficial symbiotic associations, excessive number of symbi-
onts may become a heavy burden for the host decreasing its fitness and leading to
defeat in local competition (Cunning and Baker 2014; Parkinson et al. 2017). In case
of Holospora and HLB, which are not mutualistic, this problem of symbiont
population control becomes crucial. A possible pathway for the regulation of
symbionts could be production of antimicrobial peptides (AMP) by ciliates. AMP
are an ancient defensive weapon of the eukaryotic cell (Wollman 2016) and have
been reported from Paramecium caudatum (Cui et al. 2016). Examples of AMP
targeting bacterial symbionts, not eliminating the microbial population but rather
keeping it in check, are known from different host organisms (Mergaert 2018).
Quorum sensing (QS) may be part of self-regulation mechanisms of the symbiont’s
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population in the host. Possibly, some of the numerous short (<100 amino acids)
peptides with unknown function encoded in Holospora genomes (Garushyants et al.
2018) might be involved as QS signal.

The intimate localization of HLB in the nuclei of their hosts might offer possi-
bilities for crosskingdom horizontal gene transfer (HGT). As the symbionts live and
die in the nucleus, their DNA may occasionally be integrated into the host genome.
While symbiont DNA would not be fixed in the somatic macronuclear genome, it
can become a part of the generative micronucleus genome, which is a “safe haven”
for noncoding DNA (Bétermier and Duharcourt 2014). If then bacterial genes are
somehow retained in the developing macronuclear genome, they may get a chance to
be expressed. Holospora are deficient for nearly all major pathways due to genome
reduction. In addition, up to 15% of their genomes is represented by noncoding
sequences (Garushyants et al. 2018). At the same time, Holospora switch between
several stages and environments in their life cycle and perform complex interactions
with the host during the infection process. Hence, Holospora belong to the same
category of obligatory bacterial symbionts whose genomes are irreversibly shrinking
(Wernegreen 2017; Husnik and Keeling 2019). Severely limited metabolic capaci-
ties put Holospora and HLB in absolute dependence of the host making the search
for HGT promising. As Holosporales are considered as close relatives of free-living
ancestors of mitochondria (Wang and Wu 2015), insights into Paramecium-
Holospora and HLB symbioses might provide clues for initial stages in the transition
from symbiont to organelle.
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Chapter 5
Trends in Symbiont-Induced Host Cellular
Differentiation

Shelbi L. Russell and Jennie Ruelas Castillo

Abstract Bacteria participate in a wide diversity of symbiotic associations with
eukaryotic hosts that require precise interactions for bacterial recognition and per-
sistence. Most commonly, host-associated bacteria interfere with host gene expres-
sion to modulate the immune response to the infection. However, many of these
bacteria also interfere with host cellular differentiation pathways to create a hospi-
table niche, resulting in the formation of novel cell types, tissues, and organs. In both
of these situations, bacterial symbionts must interact with eukaryotic regulatory
pathways. Here, we detail what is known about how bacterial symbionts, from
pathogens to mutualists, control host cellular differentiation across the central
dogma, from epigenetic chromatin modifications, to transcription and mRNA
processing, to translation and protein modifications. We identify four main trends
from this survey. First, mechanisms for controlling host gene expression appear to
evolve from symbionts co-opting cross-talk between host signaling pathways. Sec-
ond, symbiont regulatory capacity is constrained by the processes that drive reduc-
tive genome evolution in host-associated bacteria. Third, the regulatory mechanisms
symbionts exhibit correlate with the cost/benefit nature of the association. And,
fourth, symbiont mechanisms for interacting with host genetic regulatory elements
are not bound by native bacterial capabilities. Using this knowledge, we explore how
the ubiquitous intracellular Wolbachia symbiont of arthropods and nematodes may
modulate host cellular differentiation to manipulate host reproduction. Our survey of
the literature on how infection alters gene expression in Wolbachia and its hosts
revealed that, despite their intermediate-sized genomes, different strains appear
capable of a wide diversity of regulatory manipulations. Given this andWolbachia’s
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diversity of phenotypes and eukaryotic-like proteins, we expect that many symbiont-
induced host differentiation mechanisms will be discovered in this system.

Keywords Wolbachia · Drosophila · Symbiosis · Cellular microbiology · Cellular
differentiation · Epigenetics · Transcription · Translation · Proteolysis

5.1 The Symbiotic Lifestyle Requires Cellular Remodeling

Bacterial symbionts of eukaryotic hosts form stable associations by colonizing host
tissues or cells. This lifestyle requires an added layer of cellular regulation relative to
nonsymbiotic lifestyles because symbionts need to integrate with and control the
host environment to create a hospitable niche (La et al. 2008; Schwartzman and
Ruby 2016; Borges 2017). Without this ability, the bacteria are quickly eliminated
by the host’s immune system (Medzhitov 2007). Symbionts are benefitted by their
ability to control the host environment, as their free-living relatives cannot do much
to influence their abiotic environments. However, influencing host cells and tissues
is not a trivial task. To do so, symbionts must decode another organism’s regulatory
pathways and interfere with them without causing too much damage. This is true for
costly parasitisms and beneficial mutualisms, as well as extracellular and intracellu-
lar lifestyles: in all types of associations, bacteria must subvert host defenses to
create a replicative niche (Medzhitov 2007; Mergaert 2018). Furthermore, owing to
the deep, 2 billion year divergence between host and symbiont taxonomic domains,
the eukaryotic regulatory pathways that need to be subverted are often completely
unique from what the bacterial symbiont uses for its own genetic regulation (Cashin
et al. 2006).

Nevertheless, bacterial symbionts have repeatedly found ways of controlling host
gene expression for their own purposes. In many instances, this means finding ways
of integrating with the biology of their multicellular hosts to be recognized as part of
the “self” and colonize particular cell types. Naturally, many of the well-known
examples of symbiont control of host gene expression involve mechanisms for
limiting and modulating immune responses (Grabiec and Potempa 2018), solving
the self/nonself issue. While these abilities are fascinating and essential for host-
associated bacteria, they have been explored in depth elsewhere (see Hamon and
Cossart 2008; Zhong et al. 2013; Silmon de Monerri and Kim 2014; Cheeseman and
Weitzman 2015; Pereira et al. 2016; Vilcinskas 2017; Cornejo et al. 2017). Instead,
here, we explore the evidence for bacterial symbiont control of host cellular differ-
entiation, which can be used to control the identity of infected host cells, the size of
the infection niche, and host reproduction.

In this review, we summarize what is known about how and why symbionts
ranging from pathogens to mutualists control host cellular differentiation to create
novel cell, tissue, or organ types for their habitation (Fig. 5.1). We focus on cellular,
tissue, and organ-levels of differentiation, as different symbiont taxa can target
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Fig. 5.1 Examples of bacterial symbiont-induced cell, tissue, and organ differentiation across the
cost-benefit spectrum of bacterial-eukaryotic symbiotic associations, organized by the point in host
genetic regulation that they influence. Interestingly, no bacterial examples of translation-mediated
host cellular differentiation were found, making viruses and toxin-secreting lytic bacteria the
primary representatives for this strategy. (a) M. leprae induces dedifferentiation of Schwann cells
via altering host epigenetic marks. This produces infected progenitor/stem-like cells (pSLC) that
migrate and become new cell types, such as smooth muscle, spreading the infection throughout the
host’s body (Masaki et al. 2013). (b) The fate of host-derived symbiont-housing cells, bacteriocytes,
and organs, bacteriomes, is specified through changes in the abundance of host transcription factors
(TFs) involved in embryogenesis (Braendle et al. 2003; Matsuura et al. 2015). In the primary aphid
endosymbiont, B. aphidicola, bacteriocyte formation involves reorganization of the endoplasmic
reticulum (orange) to surround dense symbiont (green) aggregates (Simonet et al. 2018). (c)
Pathogenic H. pylori induces host gastric epithelia to dedifferentiate and take on a mesenchymal
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regulatory mechanisms at any of these levels of organization. In particular, we are
interested in the processes of immortality maintenance and dedifferentiation/
redifferentiation, as these strategies enable the stable manipulation of host gene
expression and cell identity for symbiont purposes. In parasitisms, these are often
viewed as neoplastic structures, i.e., abnormal growths. Whereas, in mutualisms,
these structures are generally a part of normal host morphology. After presenting on
the diversity of symbiont-induced tissue differentiation mechanisms reported from
nature, we focus specifically on the ubiquitous intracellular alphaproteobacterial
symbiont of arthropods and nematodes, Wolbachia. We focus on Wolbachia in
particular because of the myriad of remarkable phenotypes it is able to induce in
its hosts (discussed below and reviewed in (Werren et al. 2008)) and the tantalizing
data that have been accumulating, which suggest that strains of these bacteria have
significant capabilities for controlling host cell differentiation pathways. Given the
recent growth and progress in the field ofWolbachia research, the aim of this review
is to inform on the experimental avenues to explore in the future.

5.2 Shared and Unique Mechanisms of Gene Regulation
in Eukaryotic-Bacterial Symbioses

The central dogma—DNA encodes RNA, which encodes proteins—holds across the
diversity of life (Piras et al. 2012). Meaning, regulation points exist for bacteria and
eukaryotes at (1) pretranscription (e.g., epigenetic DNA/histone modifications),
(2) transcription, (3) post-transcription (e.g., mRNA processing or regulation),
(4) translation, (5) post-translation (e.g., protein modifications), and (6) proteolysis.
However, as depicted in Fig. 5.2, how these regulatory mechanisms work in real-
time can differ greatly between domains (Kozak 1992; Blumenthal et al. 2002;
Belasco 2010; Gur et al. 2011). For example, while both domains of organisms
can regulate DNA access for transcription through DNA methylation

Fig. 5.1 (continued) cell fate via effector-mediated influence of host transcription factor retention
and binding. Over the course of a chronic infection, this process produces over-proliferative
neoplasms that can develop into gastric cancer (Bessède et al. 2014). (d) Soil-dwelling rhizobia
bacteria localize to legume plant roots, and induce their uptake into root cells and the formation of
the root nodule through interacting with host transcription factor signaling (Oldroyd 2013). (e) In
juvenile bobtail squid, bioluminescent V. fischeri colonize a ciliated epithelium on the outside of the
nascent light organ, and induce the degradation of the colonization surface’s ciliated appendages
through interfering with host transcription factor signaling (Nyholm and McFall-Ngai 2004). (f)
Plant pathogens in genus Agrobacterium transfer a mobile element to the host cell, which manip-
ulates host miRNA-based genetic regulation to induce dedifferentiation and tumor formation
(Escobar and Dandekar 2003). (g) The intracellular pathogen L. pneumophila induces the formation
of the Legionella-containing vacuole (LCV) through co-opting and mimicking host post-
translational modifications to inhibit host translation and increase proteolysis of host proteins and
peptides (Xu and Luo 2013)
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(Sánchez-Romero et al. 2015), eukaryotes also have histones, which can be modified
to be more or less permissive to the entry of transcriptional machinery (Verdone
et al. 2005). Following transcription, eukaryotes have additional ways to modify
their mRNA relative to bacteria, including RNA splicing, poly-A-tailing, and
50-capping (Belasco 2010), to alter its identity, stability, or accessibility for protein
translation, respectively. Although, bacteria do have a range of post-transcriptional
regulatory strategies (Dar and Sorek 2018).

Fig. 5.2 Coordination between host and symbiont gene expression enables host-symbiont inter-
actions. (a) Overview of endogenous general mechanisms of eukaryotic and bacterial gene expres-
sion from mRNA transcription from DNA, to protein translation from mRNA, to protein turnover
(solid lines). Methodological advancements over the past couple of decades have revealed that
eukaryotes and bacteria have more mechanisms in common (pink italicized text) than previously
estimated (Güell et al. 2011). Interestingly, bacteria can also regulate their mRNA via poly
A-tailing, however, in contrast to eukaryotes, this signals for mRNA degradation and represents a
small fraction (<<1%) of transcripts (Güell et al. 2011), which is why it is not listed above.
Additionally, it should be noted that post-transcriptional regulatory components contained within
mRNAs, such as 50-untranslated regions, influence the access of proteins and other signaling
molecules to transcript translation start sites and riboswitches, but are not explicitly listed. Recip-
rocal control over host/symbiont processes works through endogenous and mimicked mechanisms
(dashed lines). (b) An example of how host-symbiont interactions (straight white arrows) function
with endogenous mechanisms (curved white arrows) to cause phenotypic changes in cell state, such
as symbiont-induced formation of an intracellular replicative niche derived from the endoplasmic
reticulum membrane, as has been reported forWolbachia (Fattouh et al. 2019) and a variety of other
symbionts (see text)
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In addition to phylogenetic constraints, the different body plans and life histories
among hosts and symbionts also underlie their different genetic regulatory capabil-
ities. Multicellular hosts with complex tissue types and body plans require precise
mechanisms for controlling gene expression across both space and time to properly
control tissue differentiation and maintain stem cell pluripotency. Many plants and
animals epigenetically alter their DNA by packaging it into chromatin, which helps
maintain differential gene expression in different cell types over the lifespan of the
host (Meissner 2010; Li et al. 2011). Interestingly, epigenetic alterations also
underlie the transitions between parasite life stages that are evoked by different
hosts, both in multicellular (Roquis et al. 2018) and single-cellular (Duraisingh and
Horn 2016) eukaryotic parasites. By binding to the DNA promoters and regulatory
regions made accessible by epigenetic modifications, transcription factors are also
very important to cellular differentiation. This is true for both eukaryotes as well as
bacteria, which use transcription factors to differentiate into different metabolic or
motility states in response to environmental signals (Laub et al. 2007; Cole and
Young 2008; Losick and Desplan 2008; Wolański et al. 2014).

Using these similarities and differences in genetic regulation, many host-
associated bacteria have evolved ways to interact with host regulatory pathways.
The simplest model for how a bacterium evolves control over its host’s gene
expression is through the co-option of one of its own pathways. In this situation,
the majority of required machinery for the pathway would already be in place, and
only modifier components would need to be added for controlling host gene expres-
sion. In contrast, it is also possible for bacteria to evolve strategies for interfering
with eukaryotic-specific mechanisms of gene expression, such as histone modifica-
tions or splicing. In fact, this strategy appears to be quite common among pathogenic
bacteria, which can possess proteases, acetyltransferases, kinases, phosphatases,
ubiquitin ligases, and deubiquitinases for altering host gene expression (Guven-
Maiorov et al. 2017). It is unlikely that genes lacking functions specific to the
bacterial cell evolved in concert with the endogenous bacterial gene expression
regulatory networks. Thus, their presence implies either introduction via horizontal
gene transfer (e.g., Patrick and Blakely 2012) or functional convergence (e.g.,
Alvarez-Venegas 2014), often resulting in structural mimicry of the host protein
(Frank 2019).

The nature of bacterial regulation of host gene expression likely depends on the
host cell type and the desired outcome of the interaction. In terms of host cell
differentiation, bacterial influence can either cause a host cell to become less
differentiated, i.e., more stem-cell-like with pluripotent capabilities, or it can cause
a host cell to become more differentiated toward some particular fate.
Less-differentiated fates could facilitate bacterial transmission, especially if they
are proliferative because bacteria can be inherited by both daughter cells during cell
division. For example, the intracellular symbiont Wolbachia has been shown to
segregate evenly between dividing embryonic cells in Drosophila melanogaster
(Albertson et al. 2009). More differentiated fates could have a variety of impacts
depending on whether the interaction is mutualistic or pathogenic. For example, the
differentiation of host cells into bacteriocytes in mutualistic associations (see
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Fig. 5.1b) provides an environment for bacterial symbionts to live at high densities
and perform metabolic functions necessary to the host (Braendle et al. 2003; Hongo
et al. 2013; Matsuura et al. 2015). In pathogenic interactions, bacteria often induce
host cell differentiation to reach a metabolic state where more resources are provided
to the bacteria for replication, increasing bacterial virulence and infectivity (Cornejo
et al. 2017).

5.3 Making a House a Home: Bacterial Symbionts Influence
Host Cellular Differentiation During Infection
and Establishment

In the sections below, we describe examples from the literature of different ways in
which pathogenic and mutualistic symbionts have been found to control host cellular
differentiation. These examples are generally organized by their place in the molec-
ular biology hierarchy, from DNA to RNA to protein. Bacterial influence may occur
at early points in the hierarchy and have cascading effects on the subsequent stages
of gene expression, which are discussed when possible. As regulation becomes
circular at the ends of the hierarchy, e.g., post-translational modifications of histone
proteins affect DNA accessibility for transcription, this framework serves to orga-
nize the discussion.

5.3.1 Epigenetic Control of Host Gene Expression

Multicellular organisms control the differentiation of their cells and tissues through
epigenetic modifications put in place during development (Meissner 2010), and
bacterial symbionts often use this mechanism to influence host cellular differentia-
tion too (Hamon and Cossart 2008). Indeed, abundant evidence exists that a variety
of host-associated bacteria, including Legionella, Listeria, Clostridium, Streptococ-
cus, Helicobacter, and Salmonella, are able to influence host DNA methylation or
histone post-translational modifications to alter chromatin transcriptional accessibil-
ity and attenuate the immunological responses their infections solicit (Bierne et al.
2012). Immune responses include the upregulation of inflammatory cytokines,
chemokines, toll-like receptors, and antimicrobial peptides, including cationic anti-
microbial peptides (CAMPS). Bacterial symbionts can inhibit gene expression
underlying these responses by directly altering chromatin packaging with their
own enzymes (Alvarez-Venegas 2014). They can also indirectly alter the activities
of host proteins such as DNA methyltransferases (DMTs), histone acetyltransferases
(HATs), histone deacetylases (HDACs), and histone methyltransferases (HMTs)
through protein–protein inhibition or signaling, e.g., through short-chain fatty
acids (Grabiec and Potempa 2018). Depending on the molecular specificity of the
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interactions, epigenetic alterations can be highly targeted to a particular host gene or
can be global across the host genome. For example, Shigella flexneri produces and
secretes an effector protein, OspF, that ultimately prevents histone phosphorylation
and NF-B access to transcription binding sites, thus inhibiting an immune response
(Arbibe et al. 2007). Importantly, these anti-inflammatory mechanisms are also used
by commensal bacteria to a more beneficial effect because chronic inflammation is
harmful to hosts (Grabiec and Potempa 2018).

Interestingly, in some instances, pathogen control of the host immune response
can also induce developmental effects. For example, in the greater wax moth,
Galleria mellonella, infection with Listeria monocytogenes increases the expression
of both HATs and HDACs, resulting in a developmental delay that extends the time
until metamorphosis (Mukherjee et al. 2012). Developmental effects such as these
could have initially arisen as a side effect of cross-talk between epigenetic mecha-
nisms mediating development and immunity (Vilcinskas 2017) or immune activa-
tion being required for nuclear reprogramming (Lee et al. 2012), and been
maintained by the pathogen for its benefit. Developmental delays could be beneficial
for reallocating resources from the host to the pathogen (Vilcinskas 2017). Thus,
influence of host cellular differentiation can be a byproduct of the mechanisms used
for infection and virulence (Vilcinskas 2017), and might facilitate the evolution of
more intrinsic manipulations that change the identity of the host cell for symbiont
purposes.

The known cases of bacterial epigenetic reprogramming of host cellular differ-
entiation are from pathogenic bacteria, potentially due to pathway cross-talk. In an
exquisite display of cellular manipulation, the intracellular pathogen that causes
leprosy, Mycobacterium leprae, has been shown to reprogram the Schwann cells it
inhabits to reach a stem cell-like state (Fig. 5.1a). It does this via changes in
methylation patterns and gene expression profiles that turn off Schwann cell differ-
entiation genes/transcription factors and turn on developmental and embryonic
genes/transcription factors. From this reprogrammed state, these infected stem cell-
like cells can then differentiate into different tissue types and migrate from the
peripheral nervous system to the surrounding connective tissues and muscles,
helping to disseminate the bacteria throughout the host. Interestingly, they also use
this reprogrammed state to attract and infect macrophages, further spreading the
infection (Masaki et al. 2013).

A more brute-force approach to epigenetic reprogramming of host cells has been
reported for the male-killing spirochete parasite of D. melanogaster, Spiroplasma.
While epigenetic regulation via DNAmethylation does not occur inD. melanogaster
because it lacks functional DNA methyltransferase enzymes (Goll and Bestor 2005),
it does regulate its gene expression with histone acetylation. In males, acetylation is
used to double the expression of X chromosome-linked genes. Spiroplasma symbi-
onts are able to interfere with this process to induce male killing, which eliminates
these “dead-end” infections from the population so that more resources are available
for the females, through which these bacteria will be maternally transmitted (Veneti
et al. 2005). These bacteria accomplish male-killing by interfering with the male
specific lethal 2 (MSL-2) protein of the dosage compensation complex, which is
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only active in male embryos, causing it to be randomly mislocalized across the
genome. Mislocalization causes randomly elevated transcription across the genome
through elevated acetylation, resulting in male lethality (Cheng et al. 2016). Recent
work by (Harumoto and Lemaitre 2018) identified the Spiroplasma Spaid protein,
which contains ankyrin and deubiquitinase domains, as sufficient to induce male
lethality through the MSL-2 complex.

While we are still in the early days of characterizing how bacterial symbionts can
epigenetically modify host cellular differentiation through chromatin modifications,
a number of preliminary data points suggest that this will be a productive area of
research in future years. For example, host-pathogen associations have been reported
to have long-lasting or transgenerational effects, likely mediated through epigenetic
mechanisms, although they have not yet been identified (Fridmann-Sirkis et al.
2014; Mukherjee et al. 2017; Yang et al. 2018; Gegner et al. 2019). Epigenetic-
based gene regulation is also implicated in eukaryote-eukaryote mutualisms such as
coral-algal symbioses (Li et al. 2018). Furthermore, bioinformatic evidence suggests
that many host-associated bacteria contain SET-domain proteins in their genomes
(named for their discovery in Drosophila proteins Su(var)3–9, Enhancer-of-zeste
and Trithorax), which are known to encode lysine histone methyltransferases
(Alvarez-Venegas 2014). Given that bacteria do not contain histones, it is highly
likely that many of these proteins are used to alter eukaryotic cellular functions.

5.3.2 Symbiont Co-option of Host Signaling Pathways
and Transcription Machinery Mimicry

Studying the intertwined and intimate interactions between host and symbiont is
often a difficult task, however, the advent of microarrays and next generation
sequencing opened up one avenue of investigation significantly: host and symbiont
transcriptomics. While these methods enabled the high-throughput collection of
gene expression data from hosts and symbionts, challenges continue to this day
regarding the amount of mRNA that can be obtained from host-associated bacteria in
situ. One of the main issues involves the drastic differences in relative abundance of
bacterial versus eukaryotic mRNA. Furthermore, bacterial mRNA only comprises
~4% of total cellular bacterial RNA, with rRNAs and tRNAs making up the bulk of
the transcripts. In addition, the half-life of bacterial mRNAs is far shorter than that of
eukaryotic mRNAs, making it difficult to accurately capture bacterial gene expres-
sion in real-time. On top of all of this, bacteria do not A-tail their transcripts unless
they are being marked for degradation. Therefore, while eukaryotic mRNAs can be
selected for by poly-dT priming, bacterial mRNAs cannot be directly selected, and
instead must be depleted of rRNA (La et al. 2008). Nonetheless, many methodolog-
ical tricks have been developed over the years to deplete rRNAs and host transcripts
or enrich for microbial mRNAs (Güell et al. 2011), and so this is the step of gene
expression that we have the most data for presently.
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These studies have revealed a few trends in host-symbiont transcriptomics.
Importantly, it appears that some, but not all bacterial symbionts are capable of
modulating their own or their host’s transcription in response to the association.
Those that cannot typically exhibit severe degrees of genome erosion, and are
discussed later in this section. However, it is worth noting that even the symbionts
with extreme levels of genome degradation are able to induce the differentiation of
the specific host cells and/or organs they reside in, termed bacteriocytes and
bacteriomes, respectively (see Fig. 5.1b). While the mechanism(s) of induction
have not been identified, and may involve other elements of host signaling pathways
(Smith and Moran 2020), upregulation of the host homeobox transcription factor
Ultrabiothorax has been shown to be necessary for bacteriocyte differentiation in
seed bug insects (Matsuura et al. 2015) and aphids (Braendle et al. 2003). In general,
the symbionts that can influence host transcription do so by either modulating host
signaling pathways upstream of transcriptional responses (Rogan et al. 2019) or by
mimicking host transcription factors, activators, and suppressors (Saijo and Schulze-
Lefert 2008). Examples of these two strategies have been reported for diverse
symbiotic systems and are detailed below.

Interaction with host signaling pathways to induce transcriptional changes is the
most commonly reported strategy for symbiont-induced modulation of host tran-
scription. Symbionts may be predisposed to evolving this strategy because compo-
nents of the host signaling cascades that induce immune responses are also used
during development (Rogan et al. 2019). This is likely another manifestation of
pathway cross-talk discussed above. Of the known signaling pathways, pathogens
have been shown to frequently interact with the Notch, Wnt, and STAT3 pathways
(Hannemann et al. 2013; Rogan et al. 2019). Wnt signaling is especially fruitful to
exploit because its induction through canonical and noncanonical pathways can alter
gene expression to manipulate immune responses and increase cell proliferation
(Rogan et al. 2019). Additionally, the Wnt signaling-induced transcription factor
β-catenin is important for the activation of many genes including ones for adherens
junction integrity, which is essential for epithelial integrity. Given that many path-
ogens are benefited by breaking down epithelial barriers for further dissemination,
the ability to target Wnt signaling may be strongly selected for. Thus, by increasing
the translocation of transcription factors such as β-catenin to the nucleus, symbionts
can simultaneously make a more hospitable and a larger niche for themselves in
the host.

Transcription-level bacterial control of host cellular differentiation via the Wnt
pathway is also displayed by Helicobacter pylori, the leading cause for chronic
gastric inflammation and cancer worldwide. This epsilon-proteobacterium colonizes
the mammalian stomach epithelium through controlling cell differentiation, prolif-
eration, and apoptosis (see Fig. 5.1c). It accomplishes this via direct interactions with
cell adhesion and polarity factors (Amieva 2003; Bagnoli et al. 2005; Wessler and
Backert 2008) and indirect interactions with host transcription factors, including
β-catenin and (Hatakeyama 2006; Wessler and Backert 2008) and Nuclear factor of
activated T-cells (NFAT) (Yokoyama et al. 2005). H. pylori-induced transformation
of host gastric epithelial cells resembles the process of epithelial-to-mesenchymal
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cellular transition during embryogenesis, and produces an invasive migratory phe-
notype through altering the localization and expression of genes involved in con-
trolling cell shape, polarity, and division. While there are several identified
mechanisms underlying these abilities, most involve the effector protein cytotoxin-
associated gene A (CagA) (e.g., Yokoyama et al. 2005; Bagnoli et al. 2005; Suzuki
et al. 2009; Bertaux-Skeirik et al. 2015), which H. pylori injects into host epithelial
cells with its type IV secretion system. The large, 1200 amino acid CagA protein
causes a range of effects due to interactions between host factors and its N- and
C-terminal domains, which have different activities in different phosphorylation
states (Bagnoli et al. 2005; Hatakeyama 2006; Wessler and Backert 2008). Interest-
ingly, CagA exhibits structural and functional similarity to the eukaryotic Grb-2-
associated binder (Gab) adapter proteins, although it does not exhibit any sequence
similarity, and likely evolved to mimic Gab interactions with host cellular machinery
(Botham et al. 2008).

The nitrogen-fixing mutualistic rhizobia bacteria of leguminous plants (consisting
of alpha- and beta-proteobacterial lineages) co-opt host signaling cascades to alter
host root tissue differentiation in order to create the nodule structure where the
symbionts are housed (see Fig. 5.1d). This structure is essential to the bacteria, as
they need an oxygen-free environment to fix atmospheric dinitrogen into biologi-
cally available compounds such as ammonium. Nodule development is induced by
bacterial colonization from the surrounding soil, and follows an intricate signaling
cascade between rhizobia and the root (Oldroyd 2013). The interaction begins when
rhizobia encounter legume flavonoids in the soil, which induce the bacteria to
produce and secrete nodulation (nod) factors, which bind to host membrane recep-
tors, inducing oscillations in nuclear calcium concentration. The nuclear calcium
concentration-dependent transcriptional response is thought to activate the nuclear
calcium- and calmodulin-dependent kinase (CCaMK). CCaMK phosphorylates the
transcriptional activator CYCLOPS, inducing the expression of genes essential for
symbiosis establishment, including infection thread formation and mitotic
reactivation at the root cortex. Underscoring the importance of these host genes,
CCaMK or CYCLOPS activation alone, without the presence of symbionts, is
sufficient to induce nodule formation (Singh et al. 2014). Interestingly, many of
the host genes in these pathways have homologs in nonlegumes and are also
involved in mycorrhizae establishment, suggesting that they may have evolved for
that association first, and were co-opted for the later-evolving rhizobial associations
(Singh et al. 2014).

While the full details are not yet available, preliminary evidence suggests that
Vibrio fischeri-induced development of the squid light organ is also mediated
through host transcription factor signaling pathways (Peyer et al. 2017). In this
association, bioluminescent gammaproteobacterial V. fischeri are lured from the
complex community in the surrounding seawater by host production of chitin-like
compounds (Mandel et al. 2012). Upon localizing to the juvenile squid’s nascent
light organ epithelium, general microbe-associated molecular patterns, such as
peptidoglycan, induce changes in host gene expression and mucus production. The
bacteria then migrate through this mucus to colonize the light organ crypts (Kremer
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et al. 2013). This process is specific because the bacteria must endure acidic and free
radical bombardment by nitric oxide (Nyholm and McFall-Ngai 2004). Once within
the crypts, V. fischeri induce apoptosis and loss of external appendage structures (see
Fig. 5.1e) through interactions with Crumb, the protein regulator of apical-basal
polarity and adherens junctions (Peyer et al. 2017). Interestingly, V. fischeri-induced
tissue differentiation does not end there. In the adult squid, bacterial interactions with
genes involved in squid retinal regeneration mediate daily change in light organ
epithelial microvilli density (Heath-Heckman et al. 2016; Kremer et al. 2018).

A second mechanism for influencing host transcription has been reported for a
range of pathogens and operates through mimicking or influencing host transcription
factors, activators, or suppressors. For example, plant pathogenic bacteria, such as
Xanthomonas, the etiological agent of bacterial blight in rice, synthesize and secrete
transcription activator-like effector (TALE) proteins through their type III secretion
systems. These proteins cross into the host nucleus and mimic host transcription
activators. In susceptible plants, the binding of TALEs to host transcription factors
alters transcription start sites and induces the expression of host genes that increase
cell size, which facilitates dissemination of the bacteria from the intercellular spaces
(Saijo and Schulze-Lefert 2008; Yuan et al. 2016).

Epigenetic and transcriptional control of host differentiation are obviously effec-
tive strategies, however, genome erosion in host-associated bacteria has repeatedly
limited the capacity for these types of mechanisms in many taxa. Pathogens with no
or limited degrees of genome degradation are capable of modulating their gene
expression at the transcriptional level (La et al. 2008). Even obligate intracellular
pathogens with moderate levels of genome degradation such as the Chlamydiae
exhibit evidence of using transcription factors to modulate their own gene expression
(de Barsy et al. 2016). In contrast, obligate intracellular pathogens, e.g., Treponema
pallidum (La et al. 2008), and mutualists, e.g., Buchnera (Hansen and Degnan
2014), with extreme levels of genome erosion (genome sizes �1 Mb) generally
have relatively stable transcriptional states, although exceptions do exist (see the
Baumannia symbiont of the glassy winged sharpshooter (Bennett and Chong 2017)).
However, it is clear that some form of post-transcriptional or translational regulation
has replaced these mechanisms because, in many associations, differentially
expressed mRNA abundances do not correlate with translational abundances (i.e.,
proteins or “translatomes”, which are the ribosome-associated population of
mRNAs) (Traubenik et al. 2019).

The loss of reliance on transcriptional regulation for endogenous or host genetic
regulation is likely a direct consequence of genome erosion, as many of these
bacteria have lost the majority of their transcription factor genes and other genes
required for transcriptional regulation (Galán-Vásquez et al. 2016). Indeed, the
intracellular pathogen Mycoplasma pneumoniae encodes only eight predicted tran-
scription factors in its 0.82 Mb genome (Güell et al. 2009) (compared to E. coli’s
314 transcription factors (Güell et al. 2011)) and expresses an abundance of anti-
sense RNA and polycistronic operons relative to free-living bacteria (Güell et al.
2009). Interestingly, the substitution of transcriptional regulation with post-
transcriptional mechanisms has not resulted in higher transcription errors (Traverse
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and Ochman 2016). Next, we explore how these restricted regulatory capacities have
impacted symbionts’ abilities to interact with host biology.

5.3.3 The Pervasiveness of Post-transcriptional Mechanisms
for Control of Host Cell State

Control of host gene expression through small RNA (sRNA) pathways is a common
feature among symbiotic bacteria, likely because both bacteria and eukaryotes use
various types of sRNAs to regulate the turnover of their transcripts. While eukary-
otes make a diversity of specific sRNA classes, such as microRNA (miRNA), small
interfering RNA (siRNA), and piwi-interacting RNA (piRNA) (Palazzo and Lee
2015), bacteria make more general types of sRNA that are short to long (~50–1000s
nt) and highly structured (Bobrovskyy and Vanderpool 2013). Bacterial sRNAs are
either cis- or trans-acting, depending on whether they regulate the gene they were
transcribed from (in the case of antisense RNAs), or whether they regulate a gene far
away, respectively. Trans-acting sRNAs often have multiple targets, making them
akin to post-translational transcription factors (Güell et al. 2011). Although eukary-
otes and bacteria have very different endogenous mechanisms for sRNA-mediated
genetic regulation, the sRNAs themselves have enough similarities to make
cross-domain transfer and function possible (reviewed in (Simonov et al. 2016;
Zeng et al. 2019)). In some cases, host RNA-processing proteins are even involved
in converting bacterial sRNAs into miRNA molecules (Gu et al. 2017).

Bacterial symbionts with extreme levels of genome degradation appear to have
converted to an RNA-based strategy of genetic regulation, similar to mitochondrial
and plastid organelles (Cognat et al. 2017; Thairu and Hansen 2019). This is an
efficient strategy for bacteria with highly degraded or streamlined genomes for three
reasons. First, cis-encoded sRNA-based mechanisms of gene regulation are self-
contained within the genetic element, making this regulatory approach independent
of additional coding sequence, which may not be maintained during genome erosion.
As trans-acting sRNAs often require an RNA chaperone protein, e.g., Hfq, for
localization, the smallest endosymbiont genomes tend to not have these elements.
Second, hosts use sRNA-based gene regulation, making this regulatory mechanism
effective for both endogenous and host genetic regulation (Kim et al. 2016). Third,
sRNAs have been shown to be critical to bacterial metabolic regulation (Bobrovskyy
and Vanderpool 2013). As metabolic functions are often what intracellular mutual-
ists are responsible for in their associations, the retention of their primary regulatory
mechanism likely helps to maintain function in the face of coding sequence loss.
Consistent with this, the aphid symbiont Buchnera has been shown to use its sRNAs
to regulate its own arginine biosynthesis (Thairu et al. 2018). Of course, not all
expressed sRNAs may be functional, as the often AT-rich sequence content of these
genomes may produce spurious promoters (Lloréns-Rico et al. 2016). However, as
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pointed out by (Thairu and Hansen 2019), this “noise” may produce regulatory raw
material for symbionts to select upon.

Pathogens employ sRNAs to regulate their own virulence gene expression as well
as host miRNA-mediated immune responses (Sharma and Heidrich 2012; Sesto et al.
2014; Knip et al. 2014; Ortega et al. 2014; Vilcinskas 2017). Bacterial sRNA-based
influence of host gene expression is exemplified by the food-borne pathogen Sal-
monella. This intracellular bacterium uses the host Argonaute RNA processing
protein to modify double stranded bacterial noncoding RNA derived from the
5’-UTR of its ribosomal transcripts into ~22 bp miRNA, which it uses to promote
intracellular survival (Gu et al. 2017) via mechanisms such as inhibiting nitric oxide
production (Zhao et al. 2017). Despite these clear functions in host genetic regula-
tion, facultatively host-associated enteric bacteria such as Escherichia coli and
Salmonella enterica exhibit low conservation of antisense RNA expression
(Raghavan et al. 2012). Given that pathogens such as Listeria monocytogenes do
not share sRNAs with their nonpathogenic relatives, these data suggest that sRNAs
may be involved in the evolution of virulence (Sesto et al. 2014). Consistent with
this notion, similar mechanisms of controlling host gene expression have been
reported for eukaryotic pathogens (Knip et al. 2014). For example, the fungal
pathogen Botrytis secretes its own effector sRNAs into host cells that bind to host
Argonaute proteins to inhibit immune gene expression via RNA interference (RNAi)
(Weiberg et al. 2013). Bacterial pathogen-produced sRNAs may even mediate an
epigenetic memory of the infection, as Pseudomonas aeruginosa’s sRNAs have
been recently shown to induce pathogen avoidance up to four generations after
infection (Kaletsky et al. 2019).

Although the majority of reported examples of symbiont-induced host post-
transcriptional gene regulation involve modulating immunity or uncharacterized
phenotypic effects, one example does exist of a symbiont that uses sRNA to regulate
host tissue differentiation. Plant pathogenic bacteria in the genus Agrobacterium
inhabit soils and, depending on the species, cause neoplastic tumors (galls; see
Fig. 5.1f) or excess adventitious roots (hairy roots) when they infect wounded plants
(Nilsson and Olsson 1997). Within these new tissue structures, Agrobacterium
induces host cells to synthesize metabolites (termed opines) that only the bacteria
can use, effectively forming a symbiont-specific niche in the host plant (Escobar and
Dandekar 2003). All pathogenic Agrobacterium species examined to date establish
infections via transferring a plasmid-encoded section of their genome called T-DNA.
Once within the host cytoplasm, T-DNA-encoded genes are expressed by the host
because they contain the required eukaryotic regulatory elements (i.e., TATA box,
CAAT box, and polyadenylation signals) (Escobar and Dandekar 2003). Oncogenes
encoded by T-DNA are responsible for inducing changes in host cell differentiation
by synthesizing auxin and cytokinin plant hormones. Depending on the species’
T-DNA content, either undifferentiated tumors or proliferation of differentiated
tissues results from these alterations. Also encoded on T-DNA are the opine-
producing genes, which synthesize these metabolites for bacterial nutrition (Nilsson
and Olsson 1997; Escobar and Dandekar 2003). While it is clear that increased
hormone signaling induces host plant tissue differentiation, the precise mechanisms
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of tumor differentiation are still being elucidated. However, recent high throughput
sequencing has made it clear that bacterial factors interact with host RNA silencing
pathways to induce tumor formation. Specifically, tumor formation by
Agrobacterium tumefaciens requires host miRNA pathways, but is inhibited by
host siRNA pathways. Over the course of tumorigenesis, dedifferentiation induces
an anti-silencing state that inhibits siRNA-based immunity against bacterial T-DNA
(Peláez et al. 2017).

In addition to sRNA-mediated mechanisms, some pathogens also modify host
immunogenic gene expression post-transcriptionally through RNA-binding proteins
and alternate splicing (Svensson and Sharma 2016). The RNA-binding proteins
carbon storage regulator (Csr) and regulator of secondary metabolism (Rsm) are
produced by a range of pathogenic bacteria, including Yersinia pseudotuberculosis
and Legionella pneumophila, and bind to the translation initiation region of a large
diversity of mRNAs, many of which underlie host immune responses, to inhibit
their translation (Svensson and Sharma 2016; Kusmierek and Dersch 2018). As
splicing is involved in the activation of normal immune responses to infection, (e.g.,
via release of membrane-bound pre-mRNAs), pathogen-modified splicing has been
proposed to be an understudied mechanism for pathogen manipulation of host gene
regulation (Chauhan et al. 2019; Rigo et al. 2019). Indeed, coimmunoprecipitation
experiments have shown that Mycobacterium tuberculosis produces effector pro-
teins that bind to host splicing factors (Chauhan et al. 2019). In L. pneumophila
infections, the bacteria inhibit the splicing and activation of response regulator
mRNAs, which would otherwise activate the host’s immunogenic unfolded protein
response as a consequence of the bacteria’s co-option of endoplasmic reticulum
membrane (Treacy-Abarca and Mukherjee 2015). Bacterially induced alternative
host gene splicing also appears to have been co-opted by mutualistic root symbionts,
as many plant transcripts are alternatively spliced during rhizobia-induced root
nodule formation, although the responsible bacterial mechanisms have yet to be
identified (Rigo et al. 2019).

Although only a single example of symbiont-induced host cellular differentiation
via post-transcriptional gene regulation has been reported (Agrobacterium-induced
tumors), this mode of host manipulation likely occurs more frequently in nature for a
couple of reasons. First, bacterial and fungal pathogens have been shown to use their
sRNA to manipulate host RNAi-based gene silencing (Weiberg et al. 2013; Gu et al.
2017). Second, this mechanism is not unique to pathogens. Organellar sRNAs have
been found to interact with the nuclear-encoded Argonaute protein, suggesting that
bacterially derived organelles have retained the ability to regulate host gene expres-
sion through host RNA interference pathways (Cognat et al. 2017).

5.3.4 Influence of Symbionts on Host Protein Translation

Eukaryotic translation involves a complex suite of interactions with various protein
complexes to bind the 50 cap and 30 poly-A tail of mRNA molecules, initiate
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translation, and elongate the growing peptide. The timing and location of this
process influences protein localization and cellular patterning. Initiation is the rate-
limiting step of translation because it requires the recruitment of multiple initiation
factor proteins to the 50 cap, recruitment of the poly-A binding protein (PABP) to
both the 50 cap and 30 poly-A tail, followed by the assembly of elongation factor
proteins. Thus, initiation and elongation are the steps most pathogens target to inhibit
translation (Mohr and Sonenberg 2012; Jan et al. 2016). In some cases, hosts can
overcome translational blocks by overexpressing mRNAs for immune responses,
effectively overwhelming the components mediating the block, in a process termed
mRNA superinduction (Barry et al. 2017).

Viruses excel at hijacking host translation because all must commandeer it for
their own protein synthesis, and many can even induce the host machinery to
preferentially translate viral mRNAs (Toribio and Ventoso 2010; Jan et al. 2016;
Jaafar and Kieft 2019). One common mechanism for co-opting host ribosomes is
through interacting with the cap-initiation complex during translation initiation to
inhibit and/or co-opt host factors. For example, picornaviruses such as Poliovirus
produce a protease that cleaves the cap-binding domain of host initiation factor
protein eIF4G. That protein fragment then binds to viral mRNAs and enables
cap-independent translation (Schneider and Mohr 2003). Similarly, RNA viruses
like Hepatitis C are able to directly bind host ribosomes with their genome’s 5-
0-untranslated end and a subset of host initiation factor proteins (i.e., eIF3 and eIF2),
enabling translation of the full viral genome (Au and Jan 2014). DsDNA adenovi-
ruses phosphorylate host initiation factor protein eIF4E, which inhibits mRNA cap
binding and enables the virus to co-opt the translation machinery for its own
mechanism, termed ribosome shunting (Schneider and Mohr 2003). In the previous
two examples, viral protein synthesis is accomplished through rendering required
host translational components unusable. However, examples also exist in which viral
translation is accomplished while host translation is ongoing, such as the human
cytomegalovirus (HCMV). Within host cells, HCMV increases the expression of
host PABPs, which positively regulate the expression of initiation complexes,
resulting in an overall increase in the abundance of translation machinery (Au and
Jan 2014). Impressively, these strategies are often robust to host interference, as
viruses have evolved counter mechanisms that are enacted in response (Jaafar and
Kieft 2019).

A range of bacterially produced toxins and effector proteins target host translation
in order to inhibit immune responses and scavenge resources (Mohr and Sonenberg
2012). In intestinal infections, Pseudomonas aeruginosa-secreted Exotoxin A is
endocytosed by adjacent host cells where it inhibits mRNA translation by
ribosylating and inactivating host elongation factor EF2 (Dunbar et al. 2012;
McEwan et al. 2012). Interestingly, the exotoxins of Vibrio cholera and Coryne-
bacterium diphtheriae have been shown to inhibit host translation by EF2
ribosylation as well, suggesting this is a common mechanism (McEwan et al.
2012). The intracellular pathogen Legionella pneumophila blocks host translation
through modifying host translation machinery using five of its effector proteins
(Fontana et al. 2011) that act through at least two distinct mechanisms. Host
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translation elongation factor eEF1A is inhibited via glycosylation by the secreted
L. pneumophila glucosyltransferases (Lgts), Lgt1, Lgt2, and Lgt3 (Michard and
Doublet 2015). Additionally, phosphorylation of host chaperone protein Hsp70 by
the Legionella eukaryotic-like gene K4 (LegK4), an effector kinase, causes Hsp70 to
stall and further lowers the translation rate (Moss et al. 2019). These mechanisms
appear to primarily target the host immune response, but may also potentiate the cell
for metabolic rewiring (Michard and Doublet 2015). The rewiring process and
L. pneumophila’s wide diversity of post-translational mechanisms for influencing
host gene expression are discussed in the next section. Translation inhibition is
essential for the establishment of L. pneumophila long-term, as the S-phase of the
host’s cell cycle is lethal to the bacterium, and blocking translation triggers cell cycle
arrest (Sol et al. 2019). Fascinatingly, this attribute may be a side effect of
Legionella’s history of association with free-living amoebae that live in oligotrophic
bodies of water, which likely enter S-phase infrequently due to nutrient limitation
(de Jesús-Díaz et al. 2017).

From the existing literature, it appears that mutualistic bacteria are unlikely to
target host translation for two reasons: first, inhibiting translation induces strong
antimicrobial responses and second, the genomes of these bacteria likely do not
encode the necessary machinery. Given that all viruses hijack protein translation
and many pathogens secrete effector proteins to inhibit translation, hosts have
evolved signaling mechanisms to detect this perturbation and induce apoptosis
(McEwan et al. 2012; Mohr and Sonenberg 2012; Cornejo et al. 2017). Thus, it is
likely in the best interest of a symbiont whose strategy is to live in harmony with its
host to not interfere with protein translation. Sensitivity to translational inhibition
may also underlie why we were unable to find examples of translation-based
symbiont-induced host cellular differentiation. Furthermore, the limited genomic
coding capacity of these bacteria suggests that they do not encode the proteins
necessary to do so. For example, many of these bacteria have lost a subset of their
tRNA genes, and instead rely on codonwobble to pair all 61 codons. Furthermore, the
3’-CCA sequence has been lost from many of the tRNAs that remain in the genome
and must be added on post-transcriptionally (Hansen and Moran 2012). Thus, these
bacteria are ill equipped to manipulate host translation.

5.3.5 Post-translational Modification of Host Genetic
Regulatory Components

In both eukaryotes and bacteria, protein activity, stability, and physical location are
easily altered through post-translational modifications such as phosphorylation,
acetylation, methylation, and glycosylation (Macek et al. 2019). Eukaryotes have
many more modifications, some of which can be applied to bacterial proteins in host
cells, such as prenyl groups for lipidation and membrane attachment (Al-Quadan
et al. 2011). While the mechanism of protein modification is simple—a functional

5 Trends in Symbiont-Induced Host Cellular Differentiation 153



group is covalently bound to a protein—the downstream impacts of protein modi-
fications can be quite complex. For example, ubiquitination can either lead to
proteasomal protein degradation or the induction of signaling cascades, depending
on the lysine residue ubiquitinated and how many ubiquitins are added (Haglund and
Dikic 2005). Amazingly, despite their differences in endogenous post-translational
modification capacities, many bacterial symbionts have evolved their own proteins
for adding and removing eukaryotic protein modifications such as ubiquitin (Ribet
and Cossart 2010; Rolando and Buchrieser 2014; Zhou and Zhu 2015).

One of the most common reasons for symbionts to manipulate host protein
modifications is to alter the metabolic balance of the cell to create a nutritive
niche. A straight-forward strategy to accomplish this is to increase protein proteol-
ysis via the host’s ubiquitination pathway. Short peptides and amino acids alone can
go a long way toward meeting a symbiont’s complete nutritional needs because
many bacteria can use amino acids as both nitrogen and carbon sources (Zhang and
Rubin 2013). Using eukaryotic cellular machinery, three enzymes are needed to
ubiquitinate a protein, targeting it for degradation by the proteasome: a ubiquitin-
activating enzyme (E1), a ubiquitin-conjugating enzyme (E2), and a ubiquitin-
ligating enzyme (E3). These three protein functional classes are not equally
represented in eukaryotic genomes, with there being only a few E1 enzymes, several
dozen E2 enzymes, and hundreds of E3 enzymes (Zhou and Zhu 2015). Mechanisms
of bacterial interference in host ubiquitination have evolved to mirror the host’s
pattern of protein diversity: the vast majority of mechanisms involve bacterial
protein mimics or new versions of E3 enzymes, whereas E1 and E2 inhibitory
mechanisms are less common (reviewed in (Zhou and Zhu 2015)). Some pathogens,
such as Legionella, have even evolved novel mechanisms of ubiquitination that do
not involve the E1 or E2 enzymes or ATP (Qiu et al. 2016).

As with many pathways, the ubiquitination pathway overlaps with immune and
general signal transduction, making it a large target for bacterial interference. During
the infection process, intracellular bacteria first have to deal with host ubiquitination
to evade the innate immune system. Direct ubiquitination of intracellular pathogen
membranes with host Parkin E3 ligase marks them for xenophagy (Manzanillo et al.
2013). In the event that this mechanism is insufficient, the host perceives symbiont-
induced manipulations that interrupt protein synthesis or increase proteolysis,
resulting in an excess of ubiquitinated proteins and amino acids in the cytoplasm.
General autophagy is induced in this event, if the bacteria do not interrupt the process
by reducing the number of ubiquitinated proteins with bacterially encoded
deubiquitinating enzymes (Zhou and Zhu 2015). Once the threat of ubiquitin-
mediated xenophagy has been ameliorated, symbionts can alter patterns of
ubiquitination to trigger changes in host gene expression, which further alter
immune responses and shape the cellular niche. This process is illustrated by the
obligate intracellular pathogen Chlamydia. This bacterium uses its ChlaDub1 effec-
tor protein to deubiquitinate β-catenin, preventing its degradation and enabling its
transport to the nucleus where it serves as a transcription factor to activate genes
invoking cell proliferation, nuclear factor kappa-light-chain-enhancer of activated B
cells (NF-κB) signaling, and apoptosis inhibition (Rogan et al. 2019). Given the

154 S. L. Russell and J. R. Castillo



importance of ubiquitination in normal host biology, it is not surprising that intra-
cellular bacteria have evolved to interact with ubiquitin and its mechanisms for
addition and removal.

In addition to ubiquitination, other post-translational modifications are often used
by bacterial symbionts to control host gene expression and cellular differentiation
(in this case, to create a nutritive niche). The pathogen of amoebas, lung macro-
phages, and neutrophils, Legionella pneumophila, is an excellent example of a
bacterium that has become proficient at altering host post-translational protein
modifications to metabolically rewire the host cell (see Fig. 5.1g). Within hours of
entering a new host cell, L. pneumophila induces changes in the cell that cause the
Legionella-containing vacuole (LCV) to become coated in smooth membrane
derived from the endoplasmic reticulum that is lined with mitochondria and ribo-
somes. It accomplishes these tasks through a diverse array of nearly 300 effector
proteins that are able to phosphorylate, alkylate, ubiquitinate, glycosylate,
AMPylate, and phosphocholinate host proteins (Michard and Doublet 2015). Fur-
thermore, it is able to co-opt host proteins to perform additional modifications on its
own proteins, such as prenylation (e.g., farnesylation) (Al-Quadan et al. 2011).
Interestingly, interaction with the endoplasmic reticulum to form a replicative
niche is common among pathogens, such as the alphaproteobacterium Brucella
abortus and the Chlamydiales bacterium Simkania negevensis (Cornejo et al.
2017) and is also altered in host-derived bacteriocytes that house mutualistic bacteria
(Simonet et al. 2018).

To induce the formation of the LCV, L. pneumophila secretes a range of effector
proteins into the host cytoplasm to either post-translationally modify host proteins or
be post-translationally modified by them. The host-derived membrane surrounding
L. pneumophila is first altered by the addition of endoplasmic reticulum-derived
smooth vesicles, which are directed toward the forming LCV by inactivation of host
GTPase Rab1 via adenylation by the effector SidM. Interestingly, L. pneumophila
secretes two other effectors, SidB and LepD, that antagonize SidM adenylation, as
well as one effector, AnkX, that can independently maintain Rab1 in the active state
(Michard and Doublet 2015). This genetic redundancy suggests that this step is
essential to LCV formation. As this is occurring, the AnkB effector co-opts host
machinery to farsynlate AnkB, enabling it to attach to the LCV membrane. Once
attached, the F-box E3-ligase interacting domain of AnkB recruits host ubiquitin
ligase complexes to the membrane where together they attach ubiquitins to the
membrane underlying the bacteria. The dense polyubiquitinated clusters attract the
host proteasome, which proceeds to degrade ubiquitinated proteins and provide
amino acids for bacterial nutrition (Bruckert et al. 2014). Simultaneously, epigenetic
changes are also induced to increase the availability of ribosomes to embed in the
LCV membrane. The LegAS4 effector confers increased transcription of host rDNA
via functioning as a lysine histone methyltransferase through its SET domain
(Rolando et al. 2013). Thus, with L. pneumophila, we come full circle in our
classification of symbiont-induced host differentiation because through post-
translational modification of host histones, these bacteria are able to influence host
gene expression at the epigenetic DNA level.
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While obligately intracellular mutualists have not yet been reported to influence
host post-translational protein modifications, data from symbiotically derived organ-
elles suggest some will have this capability, but may have different functions for it
within host cells relative to pathogens. Two pieces of evidence support the idea that
obligate mutualists may be able to post-translationally modify host proteins. First,
the mitochondrial genome has retained genes capable of making post-translational
modifications (Gabaldón and Huynen 2007). Second, both mitochondrial proteins
encoded by the mitochondrial genome as well as those transferred to the nuclear
genome have been shown to be post-translationally modified via phosphorylation,
acetylation, and succinylation, indicating that these processes can occur within and
by the organellar genome (Hofer and Wenz 2014). However, there may be striking
differences between patterns of symbiont-induced host post-transcriptional modifi-
cations between mutualists and pathogens. For example, with regard to
ubiquitination, amino acid economies are vastly different between pathogenic infec-
tions that usurp them from the host (Zhang and Rubin 2013) and mutualistic
infections that synthesize them for the host (Feng et al. 2019). Thus, if mutualists
are capable of altering host ubiquitination, they may be more likely to use it to
control host signaling cascades than to obtain amino acids.

5.3.6 Trends in Symbiont-Mediated Host Cellular
Differentiation Mechanisms

From the examples of symbiont-mediated host cellular differentiation described
above, it is clear that bacteria are capable of manipulating host gene expression at
every step in the process. Some symbionts can induce host epigenetic alterations that
impact the access of transcriptional machinery to chromatin. Many taxa can interfere
in transcriptional signaling cascades or transcription factor binding. An abundance
of symbionts, including obligate intracellular mutualists, can modify mRNA reten-
tion by utilizing the similarities between bacterial sRNA and eukaryotic miRNA
pathways. A limited range of pathogens can inhibit translation through the use of
toxins and effector proteins. And, lastly, a number of pathogens use effector
molecules to post-translationally modify host proteins. Impressively, these
host-associated bacteria as a whole are not only able to use their own endogenous
regulatory elements to control host gene expression, but they have also repeatedly
evolved mechanisms for interacting with elements they do not have in their own
genomes, such as histones and ubiquitination machinery.

Looking across this wide diversity of associations, both functionally and taxo-
nomically, a few trends stand out that may reflect shared evolutionary constraints
and pressures. First, bacterial symbionts tend to interact with differentiation proteins
and pathways that are also involved in innate immune signaling. This may reflect the
history of their interactions with their hosts. Symbionts must first evolve strategies to
work with the host immune system before they evolve more complex phenotypes.
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Given that there is a high degree of overlap between immunological pathways and
developmental pathways (Cheng et al. 2010), evasion of the immune system may
have exapted, or prepared, symbionts to interact with host cellular differentiation
pathways. Thus, symbionts have likely evolved the ability to manipulate new host
gene regulatory pathways through cross-talk between pathways (Fig. 5.3a).

The second trend that stands out in these examples is that symbiont genome
evolution heavily influences the mechanisms available to the symbiont to control
host gene expression (Fig. 5.3b). Some symbionts have evolved mechanisms to
interfere with host gene expression at every step, from DNA to mRNA to protein
(e.g., Listeria (Sesto et al. 2014)). Whereas, other symbionts, especially those with
degraded genomes, use only one or a few mechanisms. Genome degradation has
proceeded far enough in some bacteria, such as the Nasuia and Sulcia symbionts of
leafhoppers with 0.11 and 0.19 Mb genomes, respectively, that control of essential
symbiont cellular processes has been ceded to the host (Mao et al. 2018). In these
instances, it seems unlikely that the symbionts retain much capacity to manipulate
their hosts. However, as many of the host nuclear genes used to maintain symbiont
cellular functions were acquired through ancient horizontal gene transfer events
from other bacteria (Husnik et al. 2013; Husnik and McCutcheon 2017), it is clearly
not straightforward to say who is in control of who in some of these associations.

The temporal and spatial extent of genetic influence may be a factor in
constraining what symbiont-mediated host regulatory mechanisms can evolve -
mutualists need to live in their organs/tissues/cells for a long time and form large
population sizes (discussed in (Russell and Cavanaugh 2017)), whereas pathogens
only need to be there to replicate. Due to the intervening steps, the time to reach a
protein-coding effect is much longer for an epigenetic alteration than it is for a post-
translational modification, which is nearly instant (Hausser et al. 2013; Sasai et al.
2013; Shamir et al. 2016). Thus, the third trend from the data is that symbiont
mechanisms for controlling host gene expression correspond to the organismal scale
they are trying to influence (cells, tissues, or organs) and the expected duration of the
association (days, weeks, years, or lifetimes) (Fig. 5.3c). Pathogens with highly
virulent and acute infection profiles (e.g., Legionella, Salmonella, Vibrio, and
Chlamydia) implement a diversity of strategies, and are far more dependent on
fast-acting, targeted mechanisms such as blocking protein translation or altering
post-translational protein modifications within each infected cell. Whereas more
chronic types of infection (e.g., Mycobacterium leprae and Helicobacter pylori)
use mechanisms higher up in the gene expression hierarchy, evoking epigenetic and
transcriptional control of host gene expression to permanently alter cell fate across
tissues. These mechanisms also enable many mutualistic associations (e.g., aphids
with Buchnera), and the occasional pathogenic association (e.g., Agrobacterium) to
develop novel symbiont-housing cells, tissues, and organs.

The fourth and final trend from these data is that selection to control host cellular
differentiation has driven the evolution of entirely novel proteins and molecular
mechanisms. These novel elements conceptually fall in four categories depending on
whether bacteria are mimicking host proteins and/or mechanisms to manipulate host
gene expression: (1) both host proteins and mechanisms are mimicked, (2) host
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Fig. 5.3 Trends in the distribution of mechanisms for symbiont manipulation of host cellular
differentiation. (a) Cross-talk between immunological and developmental pathways due to shared
components (Cheng et al. 2010) may enable bacterial symbionts (blue star) to develop novel
mechanisms of host regulation, such as symbiont-induced cellular differentiation. (b) Genetic
regulatory capabilities are related to the state of genome erosion in bacterial symbionts. The theory
of bacterial endosymbiont genome evolution posits that upon host restriction, bacterial chromo-
somes begin degrading due to the accumulation of deleterious mutations and the subsequent
deletion of pseudogenized regions. This occurs because selection is ineffective in small, host-
associated populations. The transmission bottleneck that occurs when a subset of symbionts are
transmitted to offspring in vertically transmitted associations further contributes to genetic drift
driving the evolution of these genomes (Toft and Andersson 2010). Based upon the reported coding
capacities and mechanisms discussed here, we propose this approximate model for the retention/
loss of regulatory capacity at each regulatory level during genome erosion. (c) Mechanisms of
symbiont-induced host differentiation correlate with the cost/benefit trade-off of the association
(depicted in red/green above, respectively) potentially due to temporal constraints. For example,
virulent pathogens require fast acting mechanisms to circumvent clearance by the host immune
system. Protein regulation generates a quicker response than altering host epigenetics or transcrip-
tion does (Hausser et al. 2013; Sasai et al. 2013; Shamir et al. 2016). Thus, many pathogens likely
first evolved to work with these mechanisms. Although, many have subsequently picked up
additional mechanisms
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mechanisms are mimicked using unique proteins, (3) host protein mimics are used in
unique mechanisms, or (4) both the protein and mechanism are novel (Zhou and Zhu
2015). For example, SET domains fall in the first category, as these mimic eukary-
otic lysine histone methyltransferase in form and function, but evolved in bacteria
(Alvarez-Venegas 2014). The AnkX effector of Legionella is an excellent example
of the second category, as it contains a conserved FIC protein domain that enacts a
novel post-translational modification, phosphocholination, to modulate host Rab
protein activity (Mukherjee et al. 2011). The OspF protein, produced and secreted
by Shigella flexneri, exemplifies the fourth category, as it is a novel protein that
irreversibly dephosphorylates mitogen-activated protein kinase (MAPK) via a
unique mechanism, which permanently prevents MAPK from phosphorylating
histones for immune gene activation (Cornejo et al. 2017).

Interestingly, some hosts are able to induce some symbiotic bacteria to undergo a
differentiation-like process that changes their gene expression globally and often
permanently. Examples exist from both mutualists and pathogens. In mutualistic
rhizobia root infections, some plants induce their symbionts to terminally differen-
tiate, turning them into highly polyploid, often branching cells that cannot divide
again. Host plants appear to accomplish this by delivering a diversity of nodule-
specific symbiotic peptides, which are similar to antimicrobial peptides, to intracel-
lular rhizobia (Maróti and Kondorosi 2014). In pathogenic Chlamydia infections,
host cells starve the intracellular bacteria of amino acids while the bacteria replicate
in their active form, termed reticulate bodies. Once amino acids become unavailable,
reticulate bodies convert into aberrant bodies with low metabolic rates, which cannot
always be reactivated (Zhang and Rubin 2013). These two examples suggest that
symbiont metabolic activities and cell division rates can be manipulated by host
actions. As more data are collected for symbiotic associations, especially from single
cell transcriptomes and proteomes, it will be interesting to see if other symbionts
enter these or additional types of differentiated states.

5.4 A Natural Aptitude for Host Manipulation: The
Intracellular Symbiont Wolbachia

The obligately intracellular alphaproteobacterium Wolbachia is a ubiquitous infec-
tion among arthropod and filarial nematode species. Interest in this group has
increased in the past couple of decades due to discoveries that have made it suitable
as a biological control agent for mosquito populations (Zheng et al. 2019) and their
transmissible viruses (Hedges et al. 2008). This maternally inherited bacterium has
achieved high frequencies within and among species through a combination of
reproductive manipulation (Werren et al. 2008) and/or mutualism (Gill et al. 2014;
Newton and Rice 2019). Wolbachia’s reproductive phenotypes include feminiza-
tion, male-killing, cytoplasmic incompatibility, and parthenogenesis, all which
manipulate embryogenesis to increase the frequency of infected females in the
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population (Werren et al. 2008). However, Wolbachia’s capacity for host manipu-
lation does not end there. Even the cases of apparent “mutualism” inWolbachiamay
have evolved through the manipulative complementation of host cellular and molec-
ular pathways. In contrast to many mutualistic symbionts that imparted novel
functions to the host upon their association, many of Wolbachia’s mutualistic
functions, from apoptosis inhibition (Pannebakker et al. 2007) to oogenesis (Dedeine
et al. 2005), involve processes native to the host cell, which the host’s ancestors were
capable of accomplishing. Thus, Wolbachia mutualisms may be more accurately
described as “addictive mutualisms” (Sullivan 2017). Clearly, Wolbachia is capable
of a broad spectrum of host manipulations, which suggests that it encodes a rich
diversity of genes and pathways to interact with host gene expression.

5.4.1 Known Wolbachia-Induced Host Reproductive
Phenotypes and Mechanisms

ManyWolbachia-induced phenotypes occur during host development, and often take
place in the germline stem cell, suggesting that this bacterium is able to influence host
cellular differentiation. Animal development consists of a series of programmed cell
division, migration, and differentiation cascades that create and pattern the adult
organism (De Smet and Beeckman 2011). The ability to interact with these processes
early-on obviates the need to first dedifferentiate adult host cells, as has been more
frequently reported for bacterial pathogens and mutualists acquired from the envi-
ronment (Wessler and Backert 2008;Masaki et al. 2013; Oldroyd 2013). This is likely
due to the differences in transmission mode between these taxa, with vertically
inheritedWolbachia being present throughout development, opposed to horizontally
transmitted pathogens that get taken up by a fully differentiated adult host. Being
present in the zygote (Callaini et al. 1994; Albertson et al. 2009; Fast et al. 2011),
Wolbachia only needs to maintain stem cell status or guide the differentiation process
to produce the intended cell type or molecular outcome. This is a skillWolbachia has
become adept at, as the following examples illustrate.

Often present in host germline stem cells (Russell et al. 2019), Wolbachia has
been shown to be capable of rescuing or maintaining this cell lineage in different
host taxa. In D. melanogaster, the wMel strain ofWolbachia can rescue mutations in
the germline stem cell maintenance genes sex lethal (sxl) (Starr and Cline 2002; Sun
and Cline 2009) and bag of marbles (bam) (Flores et al. 2015). In uninfected flies,
both of these genes cause sterility in homozygous females due to the loss of germline
stem cell maintenance, resulting in tumorous, over-proliferated ovaries. Infection
with wMel restores the normal ovary phenotype. While it has not yet been shown
whether the rescue of these genes involves one or two bacterially encoded processes,
one wMel protein, toxic manipulator of oogenesis (TomO), has been identified that
is capable of rescuing part of the phenotype resulting from the loss of sxl. TomO is
able to maintain host germ cells, preventing their differentiation and loss, by
increasing the expression of the germ cell maintenance protein Nanos via binding
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to nanos mRNAs localized within host ribonucleoprotein (RNP) complexes (Ote
et al. 2016). Consistent with this mechanism, Wolbachia has been reported to
interact with other components of host RNPs, such as the protein Gurken (Serbus
et al. 2011).

While these germline stem cell maintenance genes are functional in wild-type
flies, a scenario could exist in which aWolbachia-infected population goes through a
bottleneck and fixes a loss of function allele in the population, convertingWolbachia
into an “obligate” infection. Wasp species in the genus Asobara are potentially an
example of this situation. Asobara tabida hosts an obligateWolbachia infection that
is required for oogenesis, as wasps are unable to reproduce when treated with
antibiotics against Wolbachia. This appears to have been a very recent occurrence,
as all the closely related hymenopteran species do not require Wolbachia for
reproduction (Dedeine et al. 2005). A similar situation has also been reported for
the date stone beetle, Coccotrypes dactyliperda (Zchori-Fein et al. 2006). Over time,
if a Wolbachia-dependent host diversifies and speciates, this process will produce a
taxon entirely dependent on these seemingly mutualistic bacteria. This may be what
occurred in the filarial nematode lineage. Nearly all of these parasitic worms harbor
Wolbachia infections that are required for reproduction, development, and survival
(Landmann et al. 2011). The requirement for reproduction appears to stem from
Wolbachia’s ability to maintain quiescence in the female germline stem cell,
preventing the expression of differentiation-inducing genes, and preserving its
totipotency (Foray et al. 2018).

ManyWolbachia strains, especially those found in lepidopterans and isopods, are
adept at manipulating the sex-determination systems of their hosts, turning genetic
males into females (Werren et al. 2008). The induction of sex-specific gene expres-
sion across animal cells during development requires two versions of each differen-
tiation pathway that lead to cell types with male or female-specific characteristics.
Animals use cell autonomous and hormonal, nonautonomous, mechanisms to con-
trol the sex-specific gene expression profiles of their cells. Thus, both mechanisms
are targets for Wolbachia-control of host sex-specific gene expression (Negri and
Pellecchi 2012). GivenWolbachia’s ability to influence host hormone signaling and
the overlap between hormone and epigenetic pathways, it has been suggested that
Wolbachia may have epigenetic mechanisms for controlling host gene expression
(discussed in (Negri 2012)). Consistent with this, Wolbachia inhibits the expression
of the masculinizing gene masc in the adzuki bean borer moth Ostrinia scapulalis.
As Masc controls both male-specific splicing and activation of dosage compensation
in males, inhibition of this gene results in both female features and mortality,
respectively (Sugimoto et al. 2010; Fukui et al. 2015). Similarly, in the leafhopper
Zyginidia pullula, feminized males exhibit female DNA methylation patterns,
whereas males with low Wolbachia titer exhibit incomplete feminization and male
methylation patterns (Negri et al. 2009). While the full mechanisms underlying these
phenotypes are not known, it is interesting to note that the Wolbachia genome
contains a DNA adenine methyltransferase encoded on a prophage (Saridaki et al.
2011). Furthermore, a bacterially induced epigenetic mechanism is reasonable given
that many sex-specific differentiation pathways are epigenetically controlled, regard-
less of the sex-determining mechanism (Piferrer 2013).
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In an alternative strategy to feminization, some Wolbachia strains kill host males
during embryogenesis to alter host sex ratios to favor females. Recent work by
(Perlmutter et al. 2019) suggests that in Drosophila, the Wolbachia infections that
cause male-killing may do so via Wolbachia’s WO phage-encoded WO-mediated
killing (wmk) gene. This DNA-binding gene causes overexpression of the host
dosage compensation system at male X chromosomes, resulting in hyperacetylation
at histone H4 lysine 16, DNA damage, defects in chromatin remodeling, and altered
spindle organization (Riparbelli et al. 2012; Harumoto et al. 2018; Perlmutter et al.
2019). This result is similar yet distinct from the mechanism employed by
Spiroplasma in D. melanogaster (Harumoto and Lemaitre 2018), as Wolbachia
does not induce alterations the dosage compensation system’s localization among
chromosomes (Perlmutter et al. 2019). Male-killing exhibits variable penetrance in
different hosts, bacterial genomic backgrounds, and environmental contexts. For
example, wmk does not induce male-killing in natural wMel infections in
D. melanogaster, despite it causing the phenotype when expressed heterologously
in uninfected D. melanogaster. Furthermore, the wMel wmk sequence is nearly
identical to the ortholog from the wRec strain, which causes male-killing when
wRec infects the sister species (Drosophila subquinaria) of its native host (Dro-
sophila recens; (Jaenike 2007)). Regarding environmental variability, the wBif
strain that infects Drosophila bifasciata exhibits high rates of male-killing at low
temperatures and low rates at high temperatures (Hurst and Johnson 2000). Given
how costly male-killing is to host fitness (eliminates half of all progeny), the
variability in male-killing penetrance described above and the similarity of its
mechanism to that of feminization (via the dosage compensation system) suggests
that male-killing could be a polygenic phenotype that results when a more fitness-
conserving mode of manipulation (e.g., feminization) goes wrong.

The reproductive manipulation termed cytoplasmic incompatibility (CI) involves
bacterial modifications of host gamete chromatin packaging, suggesting that this is
another example of Wolbachia using an epigenetic-like mechanism to control the
outcome of host reproduction. CI is a bacterially induced mating incompatibility
between infected males and uninfected females, or females with an incompatible
strain of Wolbachia. Reproduction between these hosts fails during embryogenesis
because modifications made to the sperm byWolbachia fail to be compensated for in
the eggs. It has been known for some time that the modifications made byWolbachia
result in the male pronucleus exhibiting delayed protamine removal and histone
deposition in the zygote, which results in mortality at the first mitosis (Landmann
et al. 2009). Recent work has revealed the bacterially encoded genes underlying
these chromatin modifications. In infected males, Wolbachia uses the prophage-
encoded deubiquitinase CI-factor (Cif) B and its binding partner CifA (also termed
CidA/B) (Beckmann et al. 2017; LePage et al. 2017) to alter sperm chromatin. CifB
appears to confer these effects through binding to host nuclear import factor
karyopherin-a and P32 protamine-histone exchange factor, which may either prevent
histone assembly components from reaching the paternal chromosomes or reduce
the efficacy of histone assembly (Beckmann et al. 2019). Expression of CifA in the
female germline is necessary and sufficient to compensate for the CifA–CifB
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induced chromatin alterations made to the male sperm by Wolbachia (Shropshire
et al. 2018). Thus, CI induction and rescue functions like a toxin-antidote system.

5.4.2 Other Known Strategies of Wolbachia-Mediated
Control of Host Gene Expression

In addition to these bacterial mechanisms of controlling host gene expression that are
tied to reproductive manipulations in the host, other mechanisms have been
proposed for Wolbachia’s more general processes of survival and persistence.
Compared to the above examples that were primarily focused on epigenetic or
post-translational mechanisms of host genetic regulation, the following examples
highlight a wider diversity of mechanisms.

To date, two studies suggest that Wolbachia can interfere with host translation
through using its own as well as the host’s transcription factors. The strain of
Wolbachia found in Culex molestusmosquitoes encodes the transcriptional regulator
gene wtrM that appears to act as a host transcription factor, upregulating the meiotic
gene grauzone. While grauzone expression correlates with CI strength in the
Wolbachia variants tested, it is not clear how increased grauzone expression impacts
this phenotype or others (Pinto et al. 2013). In Aedes aegyptimosquitoes,Wolbachia
induces expression of the host transcription factor GATA4, which suppresses
expression of the host ovary-specific genes blastoderm-specific protein 25D
(bsg25D) and imaginal disc growth factor (disc) (Osei-Amo et al. 2018). Given
Wolbachia’s propensity to associate with the germline (Fast et al. 2011), high rates
of vertical transmission through oocytes (Narita et al. 2007), and various rescue
capabilities in germ stem cells (discussed above), the annotations of these genes
suggest that they may be involved in creating or maintaining Wolbachia’s niche in
the female germline.

Abundant evidence exists that Wolbachia is able to interact with host post-
transcriptional regulation through the host miRNA pathway. In Aedes aegypti,
Wolbachia expresses its own sRNAs that are exported into the host cell and regulate
host mRNAs. For example, Wolbachia’s WsnRNA-46 sRNA has been shown to
increase the expression of the host motor protein dynein (Mayoral et al. 2014).
Additionally, Wolbachia has been shown to alter host miRNA expression in Aedes
aegypti, which impacts the expression of host protein-coding genes. For example,
Wolbachia increases the expression of host miRNA aae-miR-2940, causing the
upregulation of a host metalloprotease needed for normal infection (Hussain et al.
2011). This miRNA also downregulates host DNA cytosine methyltransferase,
AaDnmt2, causing methylation to be reduced genome-wide. Interestingly, while
inhibition of this miRNA is necessary for Wolbachia infection, its inhibition also
confers inhibition of Flavivirus replication within infected cells (Zhang et al. 2013).
In contrast, and potentially suggesting different mechanisms in different hosts or
with different viruses, Wolbachia-induced upregulation of D. melanogaster

5 Trends in Symbiont-Induced Host Cellular Differentiation 163



DNA/RNA methyltransferase was shown to inhibit replication and infectivity of the
alphavirus, Sindbis virus (Bhattacharya et al. 2017).Wolbachia has also been shown
to upregulate aae-miR-981, which downregulates the expression of importin β-4,
prohibiting AGO1 from entering the nucleus to regulate transcription (Hussain et al.
2013).

To obtain a reliable source of host amino acids, Wolbachia appears to have
evolved mechanisms to interfere with their sink and their source, i.e., translation
and proteolysis, similar to the pathogens discussed above. A recent cell-based
genome-wide RNAi screen in D. melanogaster cells infected with the wMel strain
of Wolbachia found that bacterial density, or titer, increases when host ribosomal
and translation initiation proteins are knocked down. This suggests that Wolbachia
interacts with some of these factors in wild-type cells to alter host translation
(Grobler et al. 2018). This is fascinating given the trends we reported in the previous
section, which found that generally only highly virulent pathogens interfere with
host translation. Supporting a role for translation interference inWolbachia nutrition,
this (Grobler et al. 2018) and another cell screen (White et al. 2017), found that
Wolbachia titer decreased when host ubiquitination was inhibited. Furthermore,
White et al. (2017) found that Wolbachia infection significantly increases
ubiquitination levels in the host cell. Thus, Wolbachia may alter host protein
synthesis as well as ubiquitination-mediated proteolysis to obtain amino acids as
their primary source of nutrition. Consistent with using host protein synthesis and
degradation pathways for its own nutrition,Wolbachia induces the reorganization of
host cell endoplasmic reticulum (ER) and surrounds itself with ER-derived mem-
brane (Fattouh et al. 2019), creating a niche near translation and proteolysis machin-
ery. Given that ubiquitination and protein turnover is involved in host cellular
differentiation (Kimata 2019), Wolbachia may have co-opted its nutrition-
provisioning genes for host manipulation. To take the idea of molecular cross-talk
in Wolbachia associations a step further, it is possible that Wolbachia’s ability to
modify host protein ubiquitination was first co-opted from strategies originally
evolved for evading xenophagy (e.g., Manzanillo et al. 2013; Zhou and Zhu 2015).

5.4.3 Exploring Overlooked Mechanisms: Future Prospects
in Wolbachia Research

We surveyed the literature for studies that assayed the impact of infection on gene
expression in Wolbachia and/or its host and found 71 papers published between
2000 and 2019 (Table 10.S1 and Fig. 5.4). These studies characterized gene expres-
sion at all stages, from DNA to protein, and suggest thatWolbachia has mechanisms
to interfere with host gene expression at many points in the process. Transcription-
based studies were over-represented relative to the other gene expression stages,
which is likely due to how easy generating transcriptomic data has become since the
advent of microarrays and RNAseq. Future work should focus on identifying other
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Wolbachia-mediated post-translational modifications, as these have been studied the
least. Furthermore, given the numerous examples of Wolbachia-induced miRNA
regulation in mosquitoes discussed above, evidence for similar mechanisms should
be investigated in other Wolbachia infections.

Although theWolbachia field is still in its early days, with complete mechanisms
underlying host-symbiont interactions just now being elucidated, the abundance of
eukaryotic-like elements in the various Wolbachia strain genomes suggest a diver-
sity of mechanisms are waiting to be discovered. These elements include
deubiquitinating enzymes (Beckmann et al. 2017), ankyrin repeat proteins (Siozios
et al. 2013), and proteins with dynamin domains (Rice et al. 2017). Given
Wolbachia’s known interactions with the host cytoskeleton, including
microtubule-dependent motor proteins (Ferree et al. 2005; Serbus and Sullivan
2007; Russell et al. 2018), some of these proteins could mediate these interactions.

Fig. 5.4 Distribution of existing literature addressing gene expression in Wolbachia and/or its
hosts. See Table 10.S1 for the full list of papers included here. The excess of papers studying
transcription relative to the other stages of regulation reflects the ease with which transcriptomic
data can be acquired since the advent of microarrays and Illumina sequencing. Effect¼ study found
Wolbachia infection to have an effect on host gene expression; no effect ¼ study found no effect of
Wolbachia infection on host gene expression; more data needed ¼ results were ambiguous
regarding Wolbachia’s influence on host gene expression; and not assessed ¼ Wolbachia’s impact
on host gene expression was not assessed by the paper (indicated by “NA” in Table 10.S1)
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Indeed, a Wolbachia protein containing a synuclein domain that may mediate
interactions with host actin has been characterized (Sheehan et al. 2016).

Wolbachia belongs to the Rickettsiales, a taxon with a long history of host-
association, suggesting that it possesses ancient mechanisms for host manipulation.
Indeed, the ancestor of the mitochondrion was likely a member of this taxon
(Andersson et al. 2003) and today, Rickettsiales contains a wide diversity of
pathogens, including species in Rickettsia, Orientia, Anaplasma, and Ehrlichia.
These pathogens have been shown to be capable of modulating host immune
responses via epigenetic (Garcia-Garcia et al. 2009) and post-translational (Sahni
et al. 2018) modifications, and they themselves encode a diverse set of active sRNAs
(Narra et al. 2016). Thus, future investigations ofWolbachia associations will likely
reveal a wealth of information about the cellular and molecular mechanisms bacterial
symbionts use to control host cellular differentiation, as well as how these mecha-
nisms are maintained over evolutionary time.
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Chapter 6
We’re in this Together: Sensation
of the Host Cell Environment by
Endosymbiotic Bacteria

Cory D. Dunn, Tamara Somborac, and Bala Anı Akpınar

Abstract Bacteria inhabit diverse environments, including the inside of eukaryotic
cells. While a bacterial invader may initially act as a parasite or pathogen, a
subsequent mutualistic relationship can emerge in which the endosymbiotic bacteria
and their host share metabolites. While the environment of the host cell provides
improved stability when compared to an extracellular environment, the endosymbi-
ont population must still cope with changing conditions, including variable nutrient
concentrations, the host cell cycle, host developmental programs, and host genetic
variation. Furthermore, the eukaryotic host can deploy mechanisms actively
preventing a bacterial return to a pathogenic state. Many endosymbionts are likely
to use two-component systems (TCSs) to sense their surroundings, and expanded
genomic studies of endosymbionts should reveal how TCSs may promote bacterial
integration with a host cell. We suggest that studying TCS maintenance or loss may
be informative about the evolutionary pathway taken toward endosymbiosis, or even
toward endosymbiont-to-organelle conversion.

Keywords Mutualism · Endosymbiosis · Signaling · Quorum sensing · Two-
component system

6.1 Introduction

Numerically, prokaryotes dominate our planet (Whitman et al. 1998) and display
metabolic proficiency and flexibility currently unmatched by eukaryotes (Goyal
2018; Torsvik et al. 2002). To maintain their survival and propagation, all organisms
must sense their surroundings. Toward this goal, bacteria have evolved a number of

C. D. Dunn (*) · T. Somborac · B. A. Akpınar
Institute of Biotechnology, Helsinki Institute of Life Science, University of Helsinki, Helsinki,
Finland
e-mail: cory.dunn@helsinki.fi

© Springer Nature Switzerland AG 2020
M. Kloc (ed.), Symbiosis: Cellular, Molecular, Medical and Evolutionary Aspects,
Results and Problems in Cell Differentiation 69,
https://doi.org/10.1007/978-3-030-51849-3_6

179

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-51849-3_6&domain=pdf
mailto:cory.dunn@helsinki.fi
https://doi.org/10.1007/978-3-030-51849-3_6#DOI


mechanisms that allow reaction to their environments, including responses to other
microorganisms of the same or different species.

One specific and peculiar environment that bacteria may inhabit is the inside of a
eukaryotic cell. Occasionally, an endosymbiotic partnership can form in which two
organisms appear to form a mutually beneficial relationship based upon syntrophy,
or the sharing of metabolites (Morris et al. 2013). Upon establishment of an
endosymbiont within its host, there is often a contraction of genome size prompted
by redundancy of gene products (Bennett and Moran 2015; Moran 2003;
Shigenobu et al. 2000) and small population size (Kuo et al. 2009). Primary
bacterial endosymbionts have become firmly ensconced within their hosts and are
typically engaged in mutual metabolic dependency with their eukaryotic partner.
Secondary endosymbionts have typically initiated a more recent relationship with
their host, are more often transmitted horizontally, potentially survive outside of the
host cell, and closely skirt the line between parasitism and mutualism that may
mark the progression to endosymbiosis (Zachar and Boza 2020; McCutcheon et al.
2019; Sullivan 2017; Pérez-Brocal et al. 2013; Sachs et al. 2011). For primary
endosymbionts, even full-length host proteins may eventually be put to use
(Nakabachi et al. 2014; Nowack and Grossman 2012), and the use of host proteins
by the endosymbiont may mark a major transition point that occurs during the rare
conversion of an endosymbiont to an organelle (Keeling et al. 2015; McCutcheon
and Keeling 2014).

Should the environment inhabited by the endosymbiont be considered simple or
complex? On the one hand, to the potential benefit of the endosymbiont, multiple
features of the environment are stabilized when compared to the environment
outside of the eukaryotic host. Strict maternal transmission can limit exposure to
phage (Metcalf and Bordenstein 2012). Moreover, residence inside of a eukaryotic
cell may provide protection against predation, consistent with the idea that preda-
tion can drive major evolutionary transitions (Herron et al. 2019; Boraas et al.
1998; Stanley 1973). Ion concentration and pH within the eukaryotic host would
be maintained within tight boundaries acceptable to the host, and therefore may be
particularly suitable for many bacterial guests. In addition, an obligate endosym-
biont can harvest any metabolite for which consumption does not lead to fitness
costs for the host and selection against the conglomerate. Taken together, an
endosymbiotic life strategy might be initially regarded as a simplified and hospi-
table environment.

On the other hand, the intracellular environment of an endosymbiont is not as
uncomplicated as it may first appear. Host and endosymbiont cell cycles are
expected to be coordinated with the help of the appropriate bacterial signaling
pathways (Catta-Preta et al. 2015), and host-derived antimicrobial peptides
(AMPs) can be employed in a delicate dance between host and endosymbiont that
prevents re-emergence of pathogenicity (Login et al. 2011). The nutritional status
and life stage of its host may fluctuate, and the endosymbiont must regulate its
number and behavior accordingly (Darby et al. 2012; Snyder et al. 2012; Stoll et al.
2009; Wilkinson et al. 2007; Fenn and Blaxter 2004), even if the spectrum and scale
of endosymbiont responses to its environment may eventually become diminished
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(Wilcox et al. 2003). Endosymbionts also regulate their gene expression in a manner
concordant with the different tissues in which they may reside or, if ever transmitted
between host cells, the extracellular environment (Darby et al. 2012; Bright and
Bulgheresi 2010). Moreover, beyond a reactive use of sensing mechanisms, endo-
symbionts may manipulate the germline and somatic activities of their hosts (Foray
et al. 2018; Pietri et al. 2016; Landmann et al. 2014; Fast et al. 2011; Serbus and
Sullivan 2007). Divergent host genotypes can present additional variation to which
the endosymbiont must adjust its gene expression (Smith and Moran 2020). Conse-
quently, one might expect that robust sensation mechanisms would be maintained by
many endosymbionts.

Here, we focus our attention upon two-component systems (TCSs), a versatile set
of sensors and effectors used by a wide variety of bacteria to detect and respond to
their environment. We highlight the small, but expanding number of studies focused
upon endosymbiont sensation, and we argue that knowledge of TCS activities may
be informative about the evolutionary histories of, and strategies deployed by,
endosymbionts.

6.2 Fundamental Aspects of Two-Component Systems

TCSs are prominently used by bacteria to sense and respond to the environment
(Gao et al. 2019; Jacob-Dubuisson et al. 2018; Zschiedrich et al. 2016). Individual
bacterial species can encode tens, or even hundreds of TCSs (Borland et al. 2016),
allowing responses to divergent signals that include myriad small molecules, tem-
perature, gasses, and light (Krell et al. 2010). Within the context of a TCS, a histidine
kinase (HK) component and a response regulator (RR) serve as a minimal set of
polypeptides that can sense cellular conditions, yet this arrangement can be mark-
edly elaborated by additional regulatory pathway members (Gao et al. 2019; Jacob-
Dubuisson et al. 2018; Zschiedrich et al. 2016). HKs involved in sensation are often
membrane-bound, with sensor domains extending into the cytoplasm. Other HKs are
membrane-inserted, yet lack periplasmic extensions, or can even be wholly cyto-
plasmic. HK domains used for signal detection are characterized by significant
structural diversity, in accordance with the heterogeneous signals sensed by bacteria,
but the catalytic core tends to be well conserved. The cytosolic portion of an HK,
encompassing the autokinase domain, consists of a Dimerization and Histidine-
phosphotransfer domain (DHp) and a Catalytic and ATP-binding domain
(CA) connected by a short loop of amino acids. A diverse array of additional
domains (Krell et al. 2010) contribute to protein–protein interactions and help to
modulate autokinase activity.

HKs are typically found as homodimers for which autophosphorylation prompted
by activation can occur in either a cis- or trans-fashion (Casino et al. 2009, 2014).
Upon activation by the stimulus, which can be sensed even at relatively low binding
affinities (Krell et al. 2010; Cheung and Hendrickson 2009), the epsilon nitrogen of a
conserved histidine in the DHp domain is phosphorylated by use of ATP (Bhate et al.
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2015). Next, phosphotransfer to the appropriate RR is catalyzed, providing tight
control of response to the stimulus. The RR is phosphorylated at a conserved
aspartate, and the transfer of the phosphoryl group from the key HK histidine is
driven primarily by the receiver (REC) domain of the RR (Zschiedrich et al. 2016)
(Fig. 6.1).

Specificity of signaling is mostly encoded at the interaction face between a given
HK and its cognate RR (Podgornaia and Laub 2013; Fisher et al. 1996), although
specificity is also dependent upon proper stoichiometry of TCS components (Steiner
et al. 2018). Not all HKs act exclusively with one RR; several HKs can share a
particular RR and phenotypic outcome (Stephenson and Hoch 2002). Hybrid HKs
also exist for which the HK and RR are fused within the same polypeptide
(Townsend 2nd et al. 2013; Capra et al. 2012), ensuring dedicated phosphorylation
of the relevant RR. As well as providing kinase activity, HKs can also act as
phosphatases, removing instances of direct RR phosphorylation by cellular acetyl-
phosphate (Gao et al. 2019; Podgornaia and Laub 2013; Klein et al. 2007) and
blocking pathway activation when signal reception is concluded (Huynh and Stewart
2011). Kinase activity of HKs does not simply correspond with the presence of
ligand or other stimuli; kinase activity can instead be prompted by the lack of a
signaling molecule or environmental condition (Neiditch et al. 2005; Henke and
Bassler 2004). HKs are often, but not always, found in the same operon with their
cognate RRs (Capra and Laub 2012). Of note, there can be additional elaboration
upon the standard theme of the TCS to include complicated phosphorelay systems
(Francis and Porter 2019; Dworkin 2015; Wright and Ulijasz 2014). Recent evidence
also suggests TCS crosstalk by HK phosphorylation of other HKs (Francis and
Porter 2019; Francis et al. 2018).

After the REC domain is phosphorylated, the conformation of RRs, and their
multimerization state, can change (Gao et al. 2019; Galperin 2006). Like HKs, RRs
harbor many different functional domains that provide for regulatory complexity
under diverse environmental conditions (Galperin 2006). The majority of RRs bind
to DNA, and upon DNA binding, these factors can regulate transcription by func-
tioning as activators or repressors, or they may block chromosome replication. These
RRs can also manifest enzymatic activity and can regulate downstream processes by
protein–protein interactions (Gao et al. 2019). Beyond signal shutoff by the phos-
phatase activity of HKs or by dedicated RR phosphatases (Zschiedrich et al. 2016;
Pazy et al. 2010), RRs also have the ability to autodephosphorylate (Gao et al. 2019).

6.3 Two-Component Systems of Endosymbionts

As the functions carried out by a bacterium become intertwined with that of the host,
its genome becomes eroded as a result of reduced selection and population bottle-
necks (Bennett and Moran 2015; Kuo et al. 2009; Moran 2003; Shigenobu et al.
2000). Like the more generalized metric of genome size, the number of TCSs may
serve as a reflection of the relative duration of endosymbiont association with its host
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(Kim et al. 2010). Most evidence does indeed suggest that the number of HKs and
RRs can be greatly curtailed in bacteria exclusively localized with a eukaryotic cell
(Christensen and Serbus 2015; Rikihisa 2010; Wakeel et al. 2010; Cheng et al.
2006), with some endosymbionts and intracellular pathogens harboring few or no
TCS pathways (Capra and Laub 2012; Ashby 2004). Those specific TCSs that are
maintained the longest within the degenerating genome may be informative about
key aspects of endosymbiont evolutionary history or current aspects of the mutual-
istic relationship between endosymbiont and host. Yet, the roles of TCSs encoded by
endosymbionts are, to date, very poorly understood.

Perhaps the earliest study of TCSs in endosymbionts was focused upon
Bradyrhizobium japonicum, a facultative endosymbiont that can obtain nitrogen
from the atmosphere for soybeans and other legumes (Lardi et al. 2016; Ferguson
et al. 2010). By a complex process initiated by plant metabolites, B. japonicum
activates the appropriate transcriptional program while forming a nodule within the
plant root that becomes a suitable location for nitrogen fixation. An operon that
includes the HK NodV and the RR NodW is required for nodulation (Göttfert et al.
1990), and subsequent work demonstrated that the vast majority of B. japonicum
transcriptional targets activated by the soybean nodulation–promoting signal
required phosphorylation of NodW by NodV (Lang et al. 2008). B. japonicum is
not limited to the endosymbiotic lifestyle, but also inhabits the soil. In agreement
with this B. japonicum life history, its genome is not diminished when compared to
other, free-living bacteria, and, along with NodV and NodW this species can encode
tens of additional HKs and approximately one hundred RRs (Kaneko et al. 2011).

To illuminate closer genetic and metabolic interdependencies between host and
endosymbiont, efforts have been made to understand TCS signaling in Wolbachia,
perhaps the most prominent model system for exploration of host–endosymbiont
interactions. Wolbachia are intracellular bacteria from the alpha-proteobacterial
Rickettsiae family that are widespread among arthropods and nematodes. While
some Wolbachia interact with their hosts in a parasitic or pathogenic manner, other
Wolbachia are mutualist endosymbionts required by their host for the provision of
metabolites (Sullivan 2017; Gutzwiller 2016; Taylor et al. 2013; Darby et al. 2012).
Wolbachia is mostly, although not exclusively, transmitted vertically through the
female germline (Werren 1997), and these endosymbionts can be tightly associated
with the ability of some of their pathogenic hosts to cause disease (Christensen and
Serbus 2015; Saint André et al. 2002).

To investigate the landscape of TCS signaling in endosymbionts, a comprehen-
sive search for TCS components has been performed within several Wolbachia
species (Christensen and Serbus 2015). Consistent with previous searches within
the clade Anaplasmataceae, the number of HKs and RRs recovered by BLAST
queries based upon the HK and RR sequences of free-living alpha-proteobacter
Caulobacter crescentus was exceedingly low. These HKs and RRs were not found
within the same operons but were scattered to different chromosomal locations and
surrounded by genes for which a functional link to Wolbachia-encoded TCSs was
unclear. Specifically, the HK CckA and the RR CtrA were identified in multiple
Wolbachia species. These two proteins act within a phosphotransfer cascade
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controlling cell cycle progression in C. crescentus (Biondi et al. 2006; Jacobs et al.
2003), although there appears to be significant divergence among alpha-
proteobacterial species when considering targets directly regulated by CtrA (Pini
et al. 2015). Additionally, an ortholog of DvlL that lacked a carboxyl-terminal
catalytic domain was encoded at a chromosomal location near the ctrA locus in
several Wolbachia genomes. DvlL is predicted to be a possible potentiator of CckA
HK activity, and Wolbachia DvlL harbors multiple Per-Arnt-Sim (PAS) domains,
which are common among bacterial polypeptides involved in signal transduction.

Another TCS, consisting of the HK PleC and its target RR PleD, was found
among multiple Wolbachia species. While many RRs are DNA-binding proteins
(Gao et al. 2019), PleD instead harbors a GGDEF domain, named after a conserved
sequence pattern, that may generate bis-(30-50)-cyclic diguanylic acid (c-di-GMP) by
its diguanylate cyclase activity (Jenal et al. 2017; Lai et al. 2009; Paul et al. 2004). c-
di-GMP is an important bacterial second messenger that binds to multiple down-
stream effectors and controls many processes, including cell polarity, transition to
biofilm formation, and virulence (Jenal et al. 2017; Valentini and Filloux 2016;
Trampari et al. 2015; Tschowri et al. 2014; Davis et al. 2013; Römling et al. 2013;
Moscoso et al. 2012). Interestingly, CckA from C. crescentus was found to be
directly regulated by c-di-GMP (Lori et al. 2015), suggesting that the coexistence
of the CckA/CtrA and PleC/PleD TCSs within the same Wolbachia species is not
coincidental and may have functional relevance.

The paucity of Wolbachia TCS components identified in the study described here
is quite consistent with a relaxation of selection on, and subsequent loss of, many
genes typically required by free-living bacteria. Yet, some TCSs have clearly been
maintained, and some evidence supports the idea of positive selection upon the PleD
ortholog of the wMel strain ofWolbachia pipientis (Brownlie et al. 2007). Moreover,
experiments in which gene expression data of W. pipientis wMel were followed
during the life cycle of Drosophila melanogaster suggest that nearly 8% of
Wolbachia genes are differentially expressed in a manner dependent upon sex or
developmental stage (Gutzwiller et al. 2015). Intriguingly, one of the genes regu-
lated in a stage-specific manner was CckA (Christensen and Serbus 2015; Gutzwiller
et al. 2015), consistent with a role for this HK in responding to developmental cues
provided by the host.

A consistent feature of endosymbiont establishment and maintenance within host
organisms is likely to be a balance between sensitivity and tolerance to host-
synthesized AMPs (Mergaert 2018; Masson et al. 2016). After introduction to the
host and the initiation of a mutualistic relationship, endosymbionts may reside
within special compartments, such as the bacteriocytes of tsetse flies or the
trophosomes of the gutless tube worm Riftia pachyptila, and AMPs appear to
prevent bacterial escape from some of these special structures (Bing et al. 2017;
Masson et al. 2016; Bright et al. 2013; Login et al. 2011). Among other functions,
the PhoP-PhoQ TCS, encoded by several Gram-negative pathogens, plays a role in
sensation of and response to host-synthesized AMPs (Bader et al. 2005), and the
modification of lipopolysaccharide prompted by PhoP-PhoQ activation by AMPs
can confer pathogen resistance to these antibacterial agents (Dalebroux and Miller
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2014; Groisman and Mouslim 2006). Interestingly, changes to PhoP-PhoQ activity
in endosymbionts can correspond with the transition to endosymbiotic mutualism.
Sodalis glossinidius is a vertically transmitted gamma-proteobacterial endosymbiont
that has only recently become established within its tsetse fly host (Chen et al. 1999).
S. glossinidius appears to have a perpetually activated PhoP-PhoQ TCS that drives
high AMP resistance, suggesting that resisting immune functions of the host remains
important at an early stage of endosymbiosis (Pontes et al. 2011). A sustained
endosymbiotic strategy may correspond with a lack of selection for PhoP-PhoQ
and consequent loss of this TCS, consistent with the establishment of confident
mutualism less subject to reversion to a state of bacterial pathogenicity.

The PhoP HK and PhoQ RR appear again within the context of a different
endosymbiont-mediated phenomenon: resistance of the pea aphid Acyrthosiphon
pisum to the larvae of parasitic wasp Aphidius ervi. Defense of A. pisum can be
provided by its facultative endosymbionts. To understand the genomic basis of this
resistance, the genomic contents of two isolates of the endosymbiont Regiella
insecticola manifesting disparate capacities to defend against wasp parasites were
examined (Hansen et al. 2012). Notably, the PhoP-PhoQ TCS was found to be
associated specifically with the isolate that provided parasite resistance. Moreover,
the PhoQ transcriptional target PqaA, also encoded by the resistance-conferring
R. insecticola isolate, has previously been shown to block the activity of parasitoid
venom peptides like melittin (Baker et al. 1997), raising the possibility that PhoP-
PhoQ-PqaA can act as key modulators of pea aphid resistance. The aphid endosym-
biontHamiltonella defensa, which provides protection against parasitoid wasps, also
encodes numerous TCS components (Degnan et al. 2009), although their role is not
yet characterized.

We performed our own preliminary search for HKs and RRs in Wigglesworthia
glossinidia, an obligate gamma-bacterial endosymbiont producing B vitamins for its
tsetse fly host (Rio et al. 2012; Akman et al. 2002). A BLAST search using PFAM
seed sequences revealed only an operon containing the HK CpxA (44% identity to
Escherichia coli along aligned region) and the RR CpxR (75% identity to
Escherichia coli along aligned region). CpxA-CpxR signaling can be prompted by
protein folding stress in the inner membrane (Mitchell and Silhavy 2019). These
findings suggest that changes to conditions within, or demands upon, the endosym-
biont within the host may lead to inner membrane proteostasis defects that must be
countered by a TCS-mediated transcriptional response.

While a pathway that senses membrane stress may be the last to be maintained by
W. glossinidia, the genomic sequence of another endosymbiont appears to document
the final loss of TCS signaling by destruction of its last HK. An intact, single RR
with 93% alignment identity to E. coli OmpR is annotated within the genome of the
Cinara cedri (aphid) endosymbiont Serratia symbiotica (S. symbiotica SCc), which
is almost certainly in the midst of conversion from facultative symbiont to obligate
endosymbiont (Lamelas et al. 2011). The OmpR protein is typically partnered in a
TCS with the EnvZ protein. However, only a truncated EnvZ protein can be found in
the same operon of S. symbiotica SCc by BLAST analysis, suggesting that the gene
has been pseudogenized and is no longer required by the bacterium. Since this TCS
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appears to be the last to be lost from S. symbiotica SCc, and because OmpR-EnvZ
TCS is involved in sensing osmotic stress and acidity, this result suggests that
S. symbiotica SCc recently circumvented challenges associated with osmotic pres-
sure and/or pH. Of note, the CpxA-CpxR pathway maintained in W. glossinidia is
functionally connected to the EnvZ-OmpR system (Grabowicz and Silhavy 2017),
potentially indicating a need for further experimental emphasis on membrane bio-
genesis in endosymbionts. Of course, close examination of TCS loss from related
endosymbionts making the same transition among similar host species would be
necessary to accurately trace the particular stresses and demands encountered by
endosymbionts as they become ever more established within their hosts.

6.4 Quorum-Sensing Mechanisms in Endosymbionts

In order to coordinate collective behavior in response to the demands of the local
environment, bacteria must sense and respond to members of the same species by
use of quorum-sensing mechanisms (Fig. 6.2). Cooperative behavior regulated by

Fig. 6.2 Quorum sensing allows bacteria to change behavior based upon the number of bacteria
within the environment. Bacteria produce signaling molecules (denoted here as red spheres). An
increase in the signaling molecule concentration allows the population to sense greater numbers.
Upon reaching a particular population density, bacteria can respond with concerted group behavior
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quorum sensing includes biofilm production, expression of virulence factors, pro-
duction of antibiotics, and antibiotic resistance (Abisado et al. 2018; Prüß 2017;
Rutherford and Bassler 2012). Symbiosis is also modulated by quorum sensing, and
indeed, initial efforts to understand quorum sensing focused upon bacterial lumi-
nescence by the symbiont Vibrio fischeri when it is localized to the light-producing
organs of its bobtail squid host (Hastings and Nealson 1977; Nealson et al. 1970).

Mechanisms of quorum sensing differ between Gram-negative and Gram-
positive bacteria (Mukherjee and Bassler 2019; Hmelo 2017; Papenfort and Bassler
2016). Gram-negative bacteria synthesize one or more acyl-homoserine lactones or
“autoinducer 1” (AI-1) ligands when communicating with one another in a more
specific manner. More generalized “autoinducer 2” (AI-2) signals, produced by use
of the metabolite 4,5-dihydroxy-2,3-pentanedione, appear to allow communication
between different species (Pereira et al. 2013). TCSs can play an important role in
the detection of specific and general quorum-sensing signals in Gram-negative
bacteria (Papenfort and Bassler 2016). For example, the general quorum-sensing
molecule AI-2 binds, at high cell density, to the periplasmic LuxP protein of the
bioluminescent Vibrio harveyi. Ligand binding ensures that the phosphatase activity
of the hybrid HK LuxQ predominates, resulting in activation of hundreds of genes
(Ball et al. 2017). The more species-specific AI-1 appears to act through a different
HK in V. harveyi, called LuxN. This ligand binds directly to its periplasmic domain
and promotes its phosphatase activity, similarly resulting in the transcription of
genes activated by elevated cell density.

For Gram-positive bacteria, peptide-based ligands are often used for quorum
sensing (Bhatt 2018; Lyon and Novick 2004). Ligands are synthesized as
propeptides and potentially processed before and after secretion. TCSs are often
the mediators of these quorum-sensing peptides. As examples, the AgrC-AgrA TCS
binds the processed AgrD peptide to mediate toxin synthesis and virulence in the
opportunistic pathogen Staphylococcus aureus (Wang and Muir 2016), and compe-
tence in Streptococcus pneumoniae is promoted when peptide used for quorum
sensing activates the ComD-ComE TCS, resulting in the upregulation of genes
required for DNA uptake (Shanker and Federle 2017).

Quorum-sensing pathways are not limited to bacteria that live outside of a
eukaryotic host. Quorum sensing occurs even in endosymbionts. For example, in
the secondary endosymbiont S. glossinidius, quorum sensing regulates genes
involved in the response to oxidative stress (Pontes et al. 2008), which is intriguing
given the demonstrated relationship between population density and resistance to
reactive oxygen species (Ma and Eaton 1992). These targets of quorum sensing are
also found in the closely related, obligate symbiont inhabiting the rice weevil
Sitophilus oryzae (Pontes et al. 2008). Proteins involved in quorum sensing have
also been identified in H. defensa (Degnan et al. 2009), which is mainly, although
not exclusively, transmitted in a vertical manner (Li et al. 2018). Targets of quorum-
sensing pathways can change significantly upon conversion of a free-living bacteria
to an endosymbiont, and while quorum sensing is often associated with virulence,
quorum-sensing pathways may also serve as a check upon virulence to promote
establishment of a mutualistic relationship between bacterium and host (Enomoto
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et al. 2017; Papenfort and Bassler 2016; Winzer and Williams 2001). We suggest
that the host may even exploit endosymbiont quorum-sensing pathways in order to
maintain mutualism. Supporting the idea that eukaryotes can control bacterial
pathogenicity by exploiting bacterial quorum-sensing mechanisms, proliferation of
the pathogen Acinetobacter baumannii can be hindered by its sensation of a fungus-
produced farnesol within the context of a co-infection paradigm (Kobayashi and
Crouch 2009; Peleg et al. 2008).

So far, to our knowledge, TCSs have not been explicitly linked to quorum sensing
by an endosymbiont, and ligand sensation by HKs is certainly not strictly required
for quorum sensing (Colton et al. 2015; Urbanowski et al. 2004). However, TCSs
should be expected to have a prominent role in intraspecies and interspecies com-
munication by endosymbionts. Given the rapid expansion of endosymbiont genomes
available for analysis, and the well-characterized general role of TCSs in quorum
sensing, we suggest that TCS involvement in endosymbiont quorum sensing should
be a focus of future bioinformatic and experimental attention.

6.5 Two-Component Systems
and Endosymbiont-to-Organelle Transitions

The ability of an endosymbiont to sense, respond to, and potentially defend itself
against AMPs, likely mediated by TCSs, may be relevant to the frequency at which
endosymbiont-to-organelle conversions may take place. What it means to be an
“organelle” remains ill-defined (Keeling and Archibald 2008; Theissen and Martin
2006). However, a bright line between mutualist endosymbiont and organelle is
almost certainly crossed when the import of key host proteins into the endosymbiont
becomes required for host survival. The question of how such an import mechanism
can evolve is difficult, and the rarity of extant organelles derived from endosymbi-
onts suggests that development of the required translocation machinery is not trivial
(Cavalier-Smith and Lee 1985). Recently, several instances in which host proteins
are translocated through endosymbiont membranes have been identified (Bublitz
et al. 2019; McCutcheon and Keeling 2014; Nakabachi et al. 2014). Among these
intriguing examples, the most prominent may be the import of hundreds of host
proteins into the photosynthetic endosymbiont residing within the amoeba
Paulinella chromatophora (Nowack and Grossman 2012), which seems to have
been captured in the midst of an endosymbiont-to-organelle transition.

Of the proteins imported from the host into the P. chromatophora endosymbiont,
many substrates were reported to harbor amino-terminal sequences similar in struc-
ture to AMPs (Singer et al. 2017), although additional support for the idea that these
regions are related to AMPs is warranted (Knopp et al. 2020). However, if these
amino termini do indeed have AMP-like activity, these findings, as well as others
focused upon organelle targeting sequences (Garrido et al. 2020), would raise the
possibility that the initial import of host proteins into an endosymbiont may not
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require pre-existing translocation machinery. Instead, endosymbiont-directed pro-
teins may instead penetrate membrane barriers by utilizing the biophysical properties
of membrane-permeable domains mimicking, or derived from, AMPs (Mergaert
et al. 2017; Wollman 2016). As described above, TCSs like the PhoP-PhoQ system
can play a role in AMP resistance. Consequently, the link between AMP sensation
and endosymbiont-to-organelle transitions will remain a topic of high interest for
those studying the initial and continuing evolution of the eukaryotic cell.

The level of autonomy that the endosymbiont maintains over its most important
activities during the endosymbiont-to-organelle transition may be reflected by the
TCSs that it encodes, since any semblance of autonomy would require the ability to
respond to the appropriate local signals (Allen 1993, 2017). Interestingly,
P. chromatophora encodes at least one HK protein clearly related to the NblS
protein of the cyanobacterium Synechococcus elongatus (50% identity over align-
ment region). NblS can be involved in the sensation of multiple stressors (Ashby and
Houmard 2006), is commonly found in cyanobacteria (Morrison et al. 2005), and is
linked to regulation of photosynthetic processes (Hsiao et al. 2004; van Waasbergen
et al. 2002). The presence of NblS as one of the few TCSs remaining in the
P. chromatophora endosymbiont is consistent with the idea that this endosymbiont
maintains some regulatory control over its metabolism and photosynthetic capacity.

6.6 Concluding Remarks and Perspective

In this chapter, we have described the current status of research into TCS signaling
by endosymbionts. Although a number of endosymbiont TCS pathways have been
discovered, most of these pathways remain uncharacterized. Yet, given the incred-
ible pace with which new endosymbiont genomes are acquired and characterized,
and taking into account the appropriately increasing interest in endosymbionts, we
expect an increase in efforts to understand endosymbiont signal reception in the
coming years. Moreover, genomic approaches will reveal which TCSs and down-
stream transcriptional programs might be most easily lost during integration of
endosymbionts into their hosts, thereby revealing the stressors and factors most
difficult for endosymbionts to circumvent. Finally, instances of host protein import
into endosymbionts, implying potential endosymbiont-to-organelle conversion, con-
tinue to be identified. Consequently, the study of endosymbiont TCSs that sense
AMPs potentially acting as the precursors of organelle targeting sequences may be
informative regarding the evolution of endosymbiont-derived organelles.
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Chapter 7
Phenotype Heritability in Holobionts: An
Evolutionary Model

Saúl Huitzil, Santiago Sandoval-Motta, Alejandro Frank, and
Maximino Aldana

Abstract Many complex diseases are expressed with high incidence only in certain
populations. Genealogy studies determine that these diseases are inherited with a
high probability. However, genetic studies have been unable to identify the genomic
signatures responsible for such heritability, as identifying the genetic variants that
make a population prone to a given disease is not enough to explain its high
occurrence within the population. This gap is known as the missing heritability
problem. We know that the microbiota plays a very important role in determining
many important phenotypic characteristics of its host, in particular the complex
diseases for which the missing heritability occurs. Therefore, when computing the
heritability of a phenotype, it is important to consider not only the genetic variation
in the host but also in its microbiota. Here we test this hypothesis by studying an
evolutionary model based on gene regulatory networks. Our results show that the
holobiont (the host plus its microbiota) is capable of generating a much larger
variability than the host alone, greatly reducing the missing heritability of the
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phenotype. This result strongly suggests that a considerably large part of the missing
heritability can be attributed to the microbiome.

7.1 Introduction

One of the main objectives of the Human Genome Project, the HapMap Project, and
later of the GWAS studies, has been to understand the genetic architecture respon-
sible for the emergence of complex diseases (Collins et al. 1998; International
HapMap Consortium 2003; Visscher et al. 2017). For a long time, through geneal-
ogy studies, it has been estimated that such complex diseases have a strong herita-
bility determined by genetic components (Manolio et al. 2009). However, this type
of study has the inconvenience that it is limited to a small number of individuals. By
contrast, thanks to high-throughput techniques such as GWAS, the size of the
population under study could be considerably increased because the degree of
kinship between individuals can be determined through their genetic variants
(SNPs).

The first GWAS study was performed in 2002 (Ozaki et al. 2002). Since then, this
method has been very successful in associating thousands of genetic variants with
different phenotypic traits (Buniello et al. 2018). However, the effect of these genetic
variants on a particular phenotype is very small (Maher 2008) and, consequently,
they can explain only a small fraction of the heritability of the associated phenotype.
This is because the fraction of phenotypic variance that can be attributed to additive
genetic factors is considerably smaller than expected when we consider the genetic
variants associated with a given phenotype by GWAS (Gibson 2018).

The gap between the heritability observed through genealogy studies and the one
measured from GWAS is known as the missing heritability and for some phenotypes
can be as large as 60% (Visscher 2008). A typical example is a human height. On the
one hand, familial studies have estimated that this phenotype has a heritability larger
than 80%. On the other hand, through GWAS about 700 SNPs have been associated
with a human height. However, these SNPs can explain only 20% of its heritability
(Wood et al. 2014). The most used strategy to fill up the missing heritability gap has
been to find more and more genetic variants associated with a particular phenotype in
order to increase its estimated heritability (Gibson 2018). In 2010, Yang et al.
computed the heritability produced by 29,4831 SNPs, which allowed them to
estimate the heritability of human height around 45% (Yang et al. 2010). Nonethe-
less, if the missing heritability problem were to be solved by increasing the number
of SNPs, then we would have to consider so many genetic variants that we would
still be unable to understand the genetic architecture behind the emergence of
complex diseases and phenotypes. Several solutions have been proposed, such as
taking into account epigenetic and epistatic effects, the effect of non-coding RNAs in
gene regulation, or an overestimation of the heritability itself (Manolio et al. 2009;
Maher 2008; Eichler et al. 2010; Grandjean et al. 2013; Slatkin 2009; Zuk et al.
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2014). However, there is no consensus yet in the scientific community as to how to
solve this problem.

During the last decade, numerous studies have shown the importance of the
microbiome in determining important phenotypic traits of the host organism (Brooks
et al. 2016). The microbiota composition and functionality have been correlated with
many complex diseases, allergies, neurological disorders, metabolism of antibiotics
and other drugs, to mention just a few (Cho and Blaser 2012; Inoue and Shimojo
2015; Kim 2015; Tremlett et al. 2017; Wilson and Nicholson 2017). Additionally,
there is evidence suggesting that phenotypic traits can be transmitted (or inherited)
from the parents to their offspring through the microbiota (Karunakar et al. 2019).
For instance, the phylogenetic congruence (phylosymbiosis) between the host
organism and its microbiota suggests that a set of microorganisms have been
inherited throughout evolution (Ley et al. 2008; Ochman et al. 2010). Furthermore,
it is known that the metabolic response of several host organisms to the microbiota is
conserved throughout evolution across different vertebrates, including the zebrafish,
mice, and humans (Rawls et al. 2004). The microbiota participates in practically all
important biological tasks of the host (Cho and Blaser 2012). Given the strong
symbiotic interactions between the host and its microbiota, and the evidence show-
ing that microorganisms can be transmitted both vertically and horizontally from
parents to offspring, Rosenberg and his collaborators formulated the hypothesis of
the holobiont as a unit of selection in evolution (Zilber-Rosenberg and Rosenberg
2008). This hypothesis states that in order to understand the evolution of the
phenotypic traits of a given organism one has to consider the hologenome (the
genome of the host and the genomes of all of its microbes) as a unit of selection
(Zilber-Rosenberg and Rosenberg 2008). This means that changes in the phenotype
of a host organism can be produced by mutations in the host’s genome, in the genes
of its microbes (the host’s microbiome), or in both, and to understand these pheno-
typic changes one has to consider genetic variation in the entire hologenome. This
may be particularly true for complex phenotypes for which missing heritability
exists. Therefore, it is reasonable to assume that, when computing the heritability
of a phenotype, the genetic variants of the entire hologenome have to be taken into
account. This hypothesis was proposed in previous works (Sandoval-Motta et al.
2017; Veigl et al. 2019), but to our knowledge, no measurements have been
performed so far validating or refuting this idea. Here we present an evolutionary
model, based on Boolean networks, showing quantitatively that a large part of the
missing heritability is recovered when the genetic variants are computed using the
entire hologenome rather than just the genome of the host.

7.2 Boolean Network Model

We choose to work with Boolean networks as representations of the genomes of both
the host and its microbes. These networks were proposed by S. Kauffman in 1969 as
models for gene regulation, and have proven to reproduce the gene expression

7 Phenotype Heritability in Holobionts: An Evolutionary Model 201



patterns observed experimentally for several organisms (Bornholdt 2008; Drossel
2008). A Boolean network consists of N nodes representing the genes in the genome.
The state of expression of these genes is encoded in a set of variables {g1, g2, . . .gN}
such that gn¼ 1 if the nth gene is expressed, or gn¼ 0 if it is not expressed. The value
of each gn is determined by a particular set of kn other genes in the network, which

we represent as gn1 , gn2 , . . . , gnkn

n o
(see Fig. 7.1a). We will refer to this set as the

inputs or regulators of gn, and to kn as its input connectivity which can be different
from one gene to another. Once each gene in the networks has been assigned with a
set of regulators, the network dynamics are determined by the simultaneous update
of the state of all the genes according to the equation

gn t þ Δtð Þ ¼ Fn gn1 tð Þ, gn2 tð Þ, . . . , gnkn tð Þ
� �

, ð7:1Þ

where Fn gn1 , gn2 , . . . , gnkn

� �
is a Boolean function of kn variables and Δt is the

average time it takes for a gene to respond to changes in its regulators. For networks
of real organisms, the set of regulators of each gene gn is determined from experi-
mental observations and its Boolean function is constructed by hand according to the
activating or inhibitory nature of its regulators (see Fig. 7.1b). Here we are interested
in the general evolutionary properties of holobionts and not on any particular

Fig. 7.1 (a) Illustrative example of a network with four genes, each one having K ¼ 2 inputs. The
arrows indicate the regulatory interactions. (b) Specific example of the Boolean functions associ-
ated with each of the four genes in the network. (c) Structure of a Boolean function. The first column
represents the index of the input configuration, ranging from i ¼ 1 to i ¼ 4. The second and third
columns show the configurations of the inputs. The last column is the value of the function acquired
on the ith configuration of the inputs. (d) The Boolean DNA is constructed by concatenating the
values of all the Boolean functions over all of their configurations. The genotypeG of the network is
the particular sequence the Boolean DNA consists of
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organism. Therefore, we are going to work with Boolean networks constructed in the
following way: (a) the number kn of inputs of each gene gn will be randomly chosen
from a predefined probability function PI(k), which has average K and variance σ2k ;
(b) the kn inputs of each gene are chosen randomly from anywhere in the network
with uniform probability; (c) each Boolean function Fnwill be constructed randomly
such that for each of the 2kn configurations of its kn arguments, Fn ¼ 1 with
probability p and Fn ¼ 0 with probability 1 � p.

Once the inputs and Boolean functions have been assigned to every gene in the
network, they do not change throughout time. What changes is the state of expres-
sion of each gene according to Eq. (7.1). In other words, the inputs to each gene and
its Boolean function are randomly assigned at the beginning of the simulation, when
the network is constructed. After that, the topological structure of the network
(which gene is connected to another) and the Boolean functions do not change in
time. This is important since, as the network structure does not change throughout
time, we can define a “Boolean DNA sequence” (BDNA) that characterizes the
network. For that, let us note that a Boolean function with K inputs (arguments) has
2K values, one for each configuration of its inputs (Fig. 7.1b). These 2K configura-
tions can be indexed according to their Boolean value, as Fig. 7.1c shows. Thus, for
instance, a function with K ¼ 3 inputs has 23 ¼ 8 configurations, ranging from
configuration {000} (the three inputs are off) to configuration {111} (the three inputs
are on), with all the intermediate configurations in between. As Fig. 7.1c shows,
these configurations can be indexed from i ¼ 1 to i ¼ 2K. Let us define f in as the
value of the nth Boolean function Fn on the ith configuration of its inputs (see
Fig. 7.1c). Then, the Boolean DNA of the network is defined as the concatenation
of the values of all the Boolean functions in the network for all of their input
configurations (see Fig. 7.1d):

BDNA ¼ f 11, f
2
1, f

3
1, . . . , f

2k1
1 , f 12, f

2
2, f

3
2, . . . , f

2k2
2 , . . . , f 1N , f

2
N , f

3
N , . . . , f

2kN
N

n o
:

ð7:2Þ

A network with N genes, with the nth gene having kn inputs, has a Boolean DNA
with Ω ¼ PN

n¼12
kn digits or loci. If kn is the same for all the genes, let’s say kn ¼ K

for every n ¼ 1, 2, . . ., N, then Ω ¼ N � 2k. The dynamics of the network are
determined by both its structural topology and its Boolean DNA. However, given a
particular network structure, the Boolean DNA completely determines the dynamics
of the network. Mutations in the Boolean DNA can change the network dynamics
and its gene expression pattern. From now on we will indistinctly refer to the
Boolean DNA of the network defined in Eq. (7.2) also as the genome of the network,
and to a particular Boolean sequence as its genotype (see Fig. 7.1d).
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7.3 Genetic Variants in a Population

Since we want to study the heritability of phenotypes in a population, we have to
define the phenotype in a quantitative way as well as the variants of that phenotype.
To do this, let us consider a network with N genes connected in a specific way and
with a specific Boolean DNA (see Fig. 7.2). This network, which we will denote as
H0, represents the genome (or part of the genome) of a given organism. Under some

Fig. 7.2 (a) Under external signals, a subset of the genes in a cell has to change its expression
pattern in order to adapt to the environmental conditions. (b) A network representing the genome
(or part of the genome) of a cell. The square nodes (in blue) are the transduction nodes that will
respond to the external signal (a metabolite, stressor, etc.). These nodes generate a pattern of
expression determined by the function R(t), which in this work is just the simple sum of the state
of the nodes. (c) The desired phenotype F(t) is an arbitrary function defined over an interval of
0< t� T. In general, for a randomly constructed network, its actual phenotype R(t) is quite different
from the desired phenotype F(t)
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environmental conditions a subset of NS genes of this network, which we will refer to

as the transduction nodes and represent by S ¼ gs1, g
s
2, g

s
3, . . . , g

s
NS

n o
, has an

expression pattern determined by the function R0(t), defined over a time interval
0 � t � T. A gene expression pattern is always associated with a phenotypic trait.
Therefore, we will refer to R0(t) as the phenotype of the network. This function may

characterize the response of the transduction genes S ¼ gs1, g
s
2, g

s
3, . . . , g

s
NS

n o
to

external metabolites, stressors, or environmental conditions (see Fig. 7.2). It can be,
for instance, the phenotype needed to metabolize sugar or fatty acids. Now imagine
that the environment permanently changes, and for the organism to adapt to the new
environmental challenge, the subset of genes S has to change its expression pattern to
a new function F(t). This new function F(t) is the desired phenotype for the organism
to properly survive in the new environment. Therefore, the actual phenotype,
encoded in the gene expression pattern R0(t), has to transform into the desired
phenotype F(t). This change will not happen immediately after the environmental
change has occurred. Instead, it will be through a series of mutations and partial
adaptations that the actual phenotype R0(t) will transform into the desired phenotype
F(t). Therefore, we will have to train the network H0 to perform the desired function
F(t). To do this, we will implement a standard evolutionary algorithm in which a
population of networks evolves through mutations and selection so that at each
generation, only the networks that better approach the target function F(t) are the
ones that survive and pass to the next generations.

The function R0(t) is the phenotype of the network H0, and is determined by both
its structure and its Boolean DNA (i.e., its genotype). The phenotype R0(t) has to
transform into the desired phenotype F(t). To implement this transformation we will
produce mutations in the Boolean DNA by keeping the structural topology of the
network fixed. We measure the adaptation of the network to the new environmental
conditions through the mean squared error ξ0 between the actual phenotype R0(t) and
the desired phenotype F(t):

ξ0 ¼ 1
T

XT
t¼1

R0 tð Þ � F tð Þð Þ2: ð7:3Þ

If ξ0¼ 0, the network is perfectly adapted to the new task, as the actual phenotype
R0(t) of the network is identical to the desired one F(t). By contrast, large values of
ξ0 correspond to a poor adaptation, and the larger the value of ξ0, the poorer the
adaptation.

Since the network H0 was constructed randomly, its phenotype R0(t) will, in
general, be quite different from the desired phenotype F(t) (see Fig. 7.2c). For R0(t)
to approach F(t) we have to mutate the genome of the network. This allows us to
define the variants of the network as follows. Let us define G0 as the genotype of the
network H0, namely, the particular Boolean sequence that characterizes the genome
of H0 (like the particular Boolean sequence in Fig. 7.1d). The variant vi is a single
mutation of G0 occurring at its ith digit (locus). The variant vi is thus a single
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nucleotide polymorphism (SNP) occurring at the ith locus of the genome. We will
denote as G(vi) the genotype that contains the variant vi. In other words, G(vi) is a
Boolean sequence almost identical to the genotype G0 of the original network H0

except that it has a SNP at the ith locus of the genome (see Fig. 7.3). Clearly, for a
network with N genes, each having kn input connections, there are Ω ¼ PN

n¼12
kn of

such variants, v1, v2, . . ., vΩ (see Fig. 7.3). In this section and the following one, we
will work with networks with N ¼ 50 nodes, each with K ¼ 2 regulators, which
produces Ω ¼ 200 loci in the Boolean DNA and the same number of variants.

We have pointed out before that changes in the Boolean DNA of the network may
change its dynamics. Therefore, even one mutation in the genotype of the network
can change its phenotype R0(t). Therefore, to each variant vi there corresponds a
particular phenotype Ri(t). Let us denote as ξ(vi) the error associated with the variant
vi, which is defined in an analogous way as in Eq. 7.3:

Fig. 7.3 Illustrative example of the genetic variants for the genome of the network shown in
Fig. 7.1. This genome has Ω ¼ 16 loci, indicated at the top of the matrix. The next row shows the
genotype G0 of the original network H0 with respect to which the variants are defined. The
subsequent rows show the particular genotypes G(vi) containing the variants vi, which are indicated
in blue. Variant vi consists of a single mutation (SNP) occurring at the ith position (locus) of the
genome G0 of the original network H0. The very last row shows a genotype G(v3, v6, v12) that
contains the three variants v3, v6 and v12. The column to the far right just illustrates that each variant
vi corresponds to a particular error (phenotype) ξi
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ξ við Þ ¼ 1
T

XT
t¼1

Ri tð Þ � F tð Þð Þ2: ð7:4Þ

It should be noted that ξ(vi) is a quantitative measure of how well the phenotype
Ri(t) approximates the desired phenotype F(t). For instance, if F(t) were the pheno-
type required to metabolize sugar, then ξ(vi)� 0 would mean that the organism with
the genotype G(vi) is healthy, whereas a large value of ξ(vi) would mean that variant
vi is associated with diabetes. Different variants may produce different values of the
error ξ(vi), which could be interpreted as variability in the diabetes phenotype.
Therefore, we can consider ξ(vi) as the quantitative measure of the phenotype Ri(t)
that corresponds to the genotype G(vi), which ultimately is associated with variant vi.
Since the error function ξ(v) is a quantitative measure of the phenotype (or how well
the network performs the desired phenotype), we will indistinctly refer to R(t) and
ξ(v) as the phenotype of the network.

Analogously, we will represent as G vi1 , vi2 , . . . , vinð Þ the genotype obtained from
G0 by simultaneously implementing the n variants vi1 , vi2 , . . . , vin , which are SNPs
occurring at positions i1, i2, . . ., in of the genome (see Fig. 7.3). The phenotype
corresponding to this genotype will be denoted as Ri1,i2,...,:in tð Þ, and its corresponding
error as ξ vi1 , vi2 , . . . , vinð Þ, which is computed in a similar way as in Eq. (7.4).

Some of the variants v1, v2, . . ., vΩwill have an associated error larger than ξ0 (the
error of the original network H0), while some other variants will have an error
smaller than ξ0. To measure the effect of the variant vi on the adaptation of the
network to the desired phenotype F(t), we define the error difference δξi as

δξi ¼ ξ við Þ � ξ0: ð7:5Þ

If δξi< 0 then the network containing the variant vi is better adapted to the desired
phenotype than the original networkH0, whereas the opposite happens when δξi> 0.
When δξi ¼ 0 then variant vi is neutral. Analogously, we can define the effect of the
genotype G vi1 , vi2 , . . . , vinð Þ (with n variants) on the adaptation of the network as
δξi1,i2,...,:in ¼ ξ vi1 , vi2 , . . . , vinð Þ � ξ0:Figure 7.4a shows a plot of the effects δξi for all
the variants v1, v2, . . ., v200 for a network with N¼ 50 and connectivity K¼ 2, while
Fig. 7.4b shows the same data ordered in the increasing order of δξi. Note that, while
most of the variants are neutral, some variants produce considerably large effects
(up to 50%), both positive and negative. This means that only one SNP can bring the
network very close to the desired phenotype F(t), or very far from it.

One of the main arguments trying to explain the missing heritability of pheno-
types is that the effects of the different variants on the phenotype are not additive
(Eskin 2015; Génin 2019; Zuk et al. 2012). Nonlinear interactions between these
variants, known as epistatic effects, may be hiding the heritability of phenotypes.
While this may be the case, here we show that nonlinear interactions between the
variants are not enough to explain the missing heritability, for even when these
epistatic interactions are negligible, the missing heritability persists.

7 Phenotype Heritability in Holobionts: An Evolutionary Model 207



7.4 Nonlinear (Epistatic) Effects

In the model proposed by Yang et al. (2010) (see also the article by Eskin (2015)), to
measure the heritability of a quantitative phenotype, linear regression is performed
based on the following equation

ξ j ¼ ξþ
XΩ
i¼1

gijβi þ e j, ð7:6Þ

where ξj represents the value of the phenotype of the j
th individual in the population,

ξ is the average value of the phenotype over the entire population, βi is the size of the
effect of the ith variant vi on the phenotype, and gij is a matrix that contains the
variants of each individual, so its entries acquire the values 0, 1, or 2 depending on
whether none of the alleles of the jth individual has the variant vi, only one allele has
it, or both alleles have the variant. Finally, ej is an error inherent in the measurement
of the phenotype that is associated with the effect of the environment. It is clear that
Eq. (7.6) assumes that the effects of the different variants are additive. In this section,

Fig. 7.4 (a) Plot of the normalized effect δξi/ξ0 of the variants vi as a function of the variant index i,
with 1 � i � 200, for a network with N ¼ 50 and connectivity K ¼ 2. (b) Same data as in the
previous panel but ordered in increasing order. Note that some variants can have relatively large
effects, ranging from �33% to almost 50% of the original error ξ0. Note also that most of the
variants are neutral, with δξi � 0
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we test whether or not the additivity hypothesis is true for the network model we are
analyzing.

We construct a population of networks by making NP ¼ 10,000 identical copies
of H0, which is a random network with N ¼ 50 nodes, each one having K ¼ 2
regulators. Therefore, the Boolean DNA has Ω ¼ N � 2K ¼ 200 loci. Then, with
probability qi we mutate the ith locus of the genome of each network in the
population (1 � i � Ω). Thus, a mutation in the first position of the genome (variant
v1) will occur in NP � q1 networks in the population, a mutation in the second
position (variant v2) will occur in NP � q2 networks, and so on. The probabilities q1,
q2, . . ., qΩ are chosen randomly in the interval 0 < qi � δv, where δv is the upper
bound for the mutation probabilities. By increasing the threshold δv more mutations
will be produced in the genomes of the networks. The reason for choosing different
probabilities for the different loci in the Boolean DNA is to allow the different
variants v1, v2, . . ., vΩ to occur with different frequencies in the population. Note that
the genome of one network in the population can accumulate several mutations; that
is, it can contain several variants vi1 , vi2 , . . . , vin . Figure 7.5a and b show the
probability f(n) that the genotype of a randomly chosen network in the population
has n variants, for δv ¼ 0.025 and δv ¼ 0.1, respectively. In the first case the average

Fig. 7.5 Distribution P(n) of the number of variants n per genome in the population for a variant
probability threshold δv ¼ 0.025 (panel a) and δv ¼ 0.1 (panel c). In the first case, the average
number of variants per individual is n � 2:5, whereas in the second case it is n � 10. Panels b and
d show the distribution P(ΔNL) of nonlinear effects ΔNL for the corresponding populations in the
previous two panels. Note that in both cases P(ΔNL) has a sharp maximum at ΔNL ¼ 0, which shows
that in our model, the epistatic (nonlinear) interactions between individual variants are not important
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number of variants in each genome is n ¼ 2:5, whereas in the second case it is
n ¼ 10:

To determine the nonlinear interaction of the variants we consider a genotype
G vi1 , vi2 , . . . , vinð Þ that has n variants. We know the error ξ vi1 , vi2 , . . . , vinð Þ associ-
ated with this genotype because we can measure it. Analogously, we know the
individual errors ξ vi1ð Þ, ξ vi2ð Þ, . . . , ξ vinð Þ associated with each of the individual
variants vi1 , vi2 , . . . , vin . To determine whether these individual variants contribute
linearly or not to the phenotype Ri1,i2,::,in tð Þ that corresponds to the genotype
G vi1 , vi2 , . . . , vinð Þ , we define the linear contribution ξLi1,i2,...,in of the individual
variants vi1 , vi2 , . . . , vin as

ξLi1,i2,...,in ¼ ξ0 þ
Xn
m¼1

δξim : ð7:7Þ

The linear contribution ξLi1,i2,...,in is an approximation to the real phenotype
ξ vi1 , vi2 , . . . , vinð Þ produced by the genotype G vi1 , vi2 , . . . , vinð Þ . If the nonlinear
interactions between the individual variants vi1 , vi2 , . . . , vin are indeed very strong,
then ξLi1,i2,...,in will be very different from ξ vi1 , vi2 , . . . , vinð Þ, whereas if these nonlinear
interactions are not so strong, then ξLi1,i2,...,in � ξ vi1 , vi2 , . . . , vinð Þ. Therefore, a mea-
sure of the nonlinearity of the interactions between different variants is determined
by the quantity

ΔNL ¼ ξ vi1 , vi2 , . . . , vinð Þ � ξLi1,i2,...,in : ð7:8Þ

Figure 7.5b and d show the probability distribution function P(ΔNL) for the same
populations used to generate the data in Fig. 7.5a and c, respectively. Note that in
both cases P(ΔNL) has a sharp maximum centered at ΔNL ¼ 0, which means that the
nonlinear interactions between individual variants are not quite important in our
model. This is particularly true for the case in which there are just a few numbers of
SNPs per genome, as in Fig. 7.5a, with an average of n ¼ 2:5 variants in each
Boolean DNA. This represents an SNP occurrence probability of 0.0125 per locus
(2.5/200). In the human genome this probability is even lower by at least one order of
magnitude, as the SNP occurrence probability in the human genome is 0.0007 per
nucleotide (on average 7 SNPs per 10 Kb (Auton et al. 2015; Sachidanandam et al.
2001)). We do not claim that the results reported in Fig. 7.5 can be extrapolated to
the human genome (or to any other organism). In our model, and just in our model,
the effect of most of the variants can be very well reproduced by a linear contribution
of the effects of the corresponding individual variants. This is a remarkable result
given that the network dynamics determined by Eq. (7.1) are highly nonlinear.
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7.5 GWAS

For the sake of clarity, it is useful to keep in mind the analogy of the desired
phenotype F(t) as the capability to metabolize sugars. Taking into account that the
error function ξ vi1 , vi2 , . . . , vinð Þ is a quantitative measure of how well the organism
with the genotype G vi1 , vi2 , . . . , vinð Þ expresses the desired phenotype, then ξ ¼ 0
would correspond to healthy organisms, whereas ξ 6¼ 0 would correspond to diabetic
ones. In this analogy, we would be interested in the variants associated with this
particular disease, namely, the variants that most increase the value of the phenotype
ξ. (From Fig. 7.4 it is clear that there is a symmetric behavior between the positive
and negative values of δξ; therefore, equivalent results would be obtained if we were
looking for the variants that most decrease the value of ξ. ) In our model, we can
exactly measure the value of the phenotype ξ(vi) corresponding to each variant vi, as
well as the phenotype ξ vi1 , vi2 , . . . , vinð Þ associated to any combination of variants
vi1 , vi2 , . . . , vin . However, in real life we cannot know the phenotype ξ(vi) that each
individual variant vi produces, because such variants generally do not occur isolated
in the genome. Therefore, one has to estimate the contribution ξ(vi) that each
individual variant vi has on the phenotype under analysis. This allows us to identify
the variants that are relevant to the phenotype in question. Those are variants that
appear with a significantly large frequency among the population that presents the
phenotype. This is where the GenomeWide Association Studies (GWAS) enters into
play. The main objective of GWAS is to determine the variants that are significantly
associated with the phenotype of interest. The main result of GWAS is to associate a
p-value p(vi) to each variant vi. The variants with the smallest p-values will be the
ones that are significantly associated with the phenotype. The natural question arises:
how small the p-value has to be for the corresponding variant to be associated with
the phenotype? As a rule of thumb, people in the community always choose a
threshold pT ¼ 0.05 for the p-value to be significant. If p(vi) < pT, then the
corresponding variant vi is accepted. Otherwise, it is rejected. Another fact to keep
in mind is that, in practice, to perform a GWAS analysis not every individual in the
population is tested. It is only a small fraction of the population whose DNA variants
are analyzed. The size of the sampled population may have an important influence in
the GWAS results, a phenomenon known as the sampling size effect (Eskin 2015;
Génin 2019). Some authors claim that by increasing the sampling size (the number
of tested individuals), the results GWAS yields would be more trusty.

To simulate a GWAS analysis in our model, we consider a population consisting
of NP ¼ 10,000 networks, each with N ¼ 50 and connectivity K ¼ 2. Variant vi has
been implemented with probability qi in the genotype of the networks, with
0 < qi < δV ¼ 0.025 and 1 � i � 200. This would result in a population similar to
the one used to generate the data reported in Fig. 7.5a and c. To perform GWAS on
this population, we extract a subpopulation with Nsub ¼ 500 networks, which are the
ones that have the largest phenotypes ξ (in our analogy, these networks would
correspond to clear cases of diabetes). In this subpopulation, the frequency bqi
corresponding to the variant vi may be different from the frequency qi of this same
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variant in the original population. If bqi is significantly larger than qi, then one can
think that vi is a variant associated with the phenotype. By contrast, if bqi is
significantly smaller than qi, then one can conclude that vi is not associated with
the phenotype. GWAS provides, through the p-value, the level of significance of the
over-representation (or under-representation), of the variant vi in the subpopulation
that exhibits the phenotype.

Figure 7.6a shows the normalized phenotype δξi/ξ0¼ (ξ(vi)� ξ0)/ξ0 in increasing
order for a subpopulation Nsub ¼ 500 networks and Ω ¼ 200 variants, while
Fig. 7.6b shows the p-values corresponding to these variants. Clearly, the GWAS
analysis in our model is detecting the variants vi with the highest values of the
phenotype ξ(vi) (the larger the value of ξ(vi), the smaller the corresponding p-value).

The results presented so far indicate two important aspects of our model: (1) epi-
static effects (nonlinear interactions) are negligible when the number of variants in
the genome is small, and (2) GWAS effectively detects the variants significantly
associated with the phenotype under consideration (in this case, large values of the
error ξ(vi)). In the next section we will show that the missing heritability problem is
not necessarily a consequence of nonlinear effects or of undersampling in the GWAS
analysis. Instead, it may be a consequence of not taking into account the microbiota

Fig. 7.6 (a) Effect size δξi for the 200 variants vi in a population of NP ¼ 10,000 networks, each
with N¼ 50 nodes and connectivity K ¼ 2. The data are plotted in the increasing order of δξi. (b) A
subpopulation of Nsub ¼ 500 neworks (5%) is extracted. These networks are the ones with the
largest effect sizes δξi. The graph shows the p-value, computed through a GWAS analysis, that
correlates the occurrence frequency bqi of variant vi in the subpopulation with the corresponding
effect size δξi. It can be seen that the lowest p-values correspond to the largest effect sizes, which
indicates that GWAS is correctly detecting the variants that contributed the most to the phenotype
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of the organism in the computation of the heritability, as the microbiota can be
fundamental for the occurrence of some phenotypes.

7.6 Holobiont Evolution and the Missing Heritability
Problem

So far we have not implemented any evolutionary algorithm to train the network H0

to perform the desired task F(t). We have just generated genetic and phenotypic
variability in a population of networks (initially all of them identical to H0) by
implementing by hand the different variants v1, v2,. . ., vΩ with some given proba-
bilities. In this section, in order to compute the heritability of the phenotype, we
implement an evolutionary algorithm to actually train (evolve) the network H0 to
perform the desired task F(t). In what follows we will refer toH0 as the host network,
in analogy with the host organism in a holobiont.

Following Huitzil et al. (2018), the training of the host network H0 will be
assisted by another network, M, which we will call the microbial network. This
means that during the evolutionary process, the host network can acquire regulatory
connections from the microbial network and vice versa (see Fig. 7.7). The main
difference between the host and microbial networks are their mutation rates, with a
mutation rate μh ¼ 0.001 for the host network and μm ¼ 0.01 for the microbial
network. The reason for this is that microbes can generate variability at a rate that is
at least ten times larger than for the cells in a host organism (plants or animals). In
our model, the host network H0 represents the host organism, whereas the microbial
network M represents its microbiota. The regulatory connections between H0 and

Fig. 7.7 Schematic representation of a holobiont in our model. The holobiont consists of a host
network and a microbial network, which can interact through regulatory connections between them
(broken lines). In this example, the host network receives two regulatory connections from the
microbial network, whereas the microbial network receives three from the host network. The host
network still has to evolve to acquire the desired phenotype F(t), as in Fig. 7.2. The difference now
is that the microbial network will “help” in the evolution of the host network
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M represent the metabolic and genetic interactions between the host and its
microbiota. Therefore, we will refer to the entire network made up of H0 and M as
the holobiont (Zilber-Rosenberg and Rosenberg 2008). It is important to mention
that, although the host network is interacting with the microbial network, the target
function F(t) is defined only for the host network and therefore it is just the
phenotype R0(t) of the host network that will be used to train it. Therefore, the
microbial network can be considered only as an auxiliary mechanism to help the host
network reach its goal. The details of the evolutionary algorithm can be found in
(Huitzil et al. 2018). The important thing to mention here is that we have shown that
the training of the host network is faster and more efficient with the help of the
microbial network than without it, and that most of the variability of the holobiont
resides in the microbial network (due in part to its increased mutation rate).

The main idea in this section is to compute the heritability of the phenotype R(t)
(which is quantitatively measured through the error function ξ) in two different
ways: (i) by computing the genetic variability of the host network only, and (ii) by
computing the genetic variability of the whole holobiont (host and microbial net-
works). As we will see, the missing heritability is considerably larger in the first case
than in the second one.

The evolutionary model consists of a population of NP ¼ 1000 holobionts.
Initially, the host and microbial networks in each holobiont have N ¼ 50 nodes,
each node with K¼ 2 regulatory connections. At each generation, each node in each
network is mutated with probability μh for the host network and μm for the microbial
network. Once a node has been chosen for mutation, the mutations consist of the
following: (i) adding a new regulatory interaction (input connection); (ii) rewiring an
existing regulatory interaction; (iii) changing the value of one entry of the Boolean
function. Mutations (i) and (ii) can occur between nodes within the same network, or
between one node in the host network and the other node in the microbial network.
This last possibility is what makes the two networks develop regulatory interactions
between them (see Fig. 7.7).

Let us denote as Rn(t) and ξn the phenotype of the n
th holobiont in the population

and its corresponding error, respectively. At each generation, we choose the best
100 holobionts in the population (the ones with the lowest values of ξn) to pass to the
next generation. Then, we replicate these holobionts by making ten copies of each
one in order to restore the population to its original size NP ¼ 1000. Then we repeat
the entire process (mutation, selection, replication, etc.). We do this for several
generations until the average population error ξ ¼ 1

NP

PNp

n¼1ξn becomes smaller

than a threshold ε ¼ 1. This means that on average most of the holobionts in the
population are well adapted to the desired phenotype F(t). We stop the simulation as
soon as the condition ξ < ε is satisfied. However, this algorithm eventually produces
a population with almost no variability, namely, a population in which almost all the
holobionts are identical, a phenomenon known as purifying selection (Cvijovic et al.
2018; Huang 2016; Leffler et al. 2012). Therefore, in order to generate variability in
the population, we proceed as follows. After the condition ξ < E has been fulfilled,
we continue the evolutionary process for five more generations. But now, in each
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one of these five generations we mutate only the Boolean DNA of the networks,
which makes their corresponding errors to change: some errors will increase while
some others will decrease. Then, at each one of these five generation, we allow the
nth holobiont to pass to the next generation with a probability pn ¼ C/ξn (C is a
proportionality constant). Thus, holobionts with a large error (poorly adapted) still
have a probability, although small, to continue through the next generation. In this
way, the final population will have more variability than if we were always to choose
the best holobionts and replicate them.

At the end of this process all the holobionts in the population have the same
structural topology but different genotypes, all of the same length. (The genome of a
holobiont is the concatenation of the genome of its host network and the genome of
its microbial network.) Since through the evolutionary process regulatory connec-
tions within and between the host and microbial networks were added or rewired,
different genes in the final networks will have a different number of input connec-
tions. We will denote as Ωh, Ωm and ΩHL the length of the genomes of the host
network, the microbial network, and the entire holobiont, respectively, with
ΩHL ¼ Ωh + Ωm. Since all the holobionts in the final population have the same
structural topology but different Boolean DNAs, it is possible to align their geno-
types and determine a consensus sequence in the same way as one does with the
genetic sequences of real organisms (see Fig. 7.8). Once the consensus sequence of
the population has been determined, the variants are defined as mutations (SNPs) of
the consensus sequence. There are Ωh variants for the host network, Ωm variants for
the microbial network, and of course ΩHL ¼ Ωh + Ωm variants for the holobiont,
which we will denote as v1, v2, . . . , vΩh , vΩhþ1, vΩhþ2 . . ., vΩHLf g. In the final popu-
lation each variant vi (i¼ 1, . . .,ΩHL) occurs with a frequency qi. Rare variants in the
population are defined as those that satisfy the condition qi < δf, where δf is a
parameter chosen in the interval [0.001,0.01]. We vary δf in this interval to analyze
the effect of taking into account (or not) the less common variants in the computation
of the heritability, finding no significant changes in the results when δf varies in the
interval mentioned above.

The strict sense heritability h2 of the phenotype is defined as (Yang et al. 2010;
Eskin 2015).

h2 ¼ σ2g=σ
2
P, ð7:9Þ

where σ2g and σ2P are the genotypic and phenotypic variances (or variabilities) of the
population, respectively. The phenotypic variance σ2P in our model is easily com-
puted, as it is just the variance of the phenotype ξ over all the holobionts in the
population:

σ2P ¼ 1
NP

XNP

n¼1
ξn � ξ
� �2

: ð7:10Þ
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The genotypic variance σ2g is more difficult to compute, as it has to do with the
variants that are associated with the desired phenotype. Therefore, one has to
determine first, through GWAS, the variants that correlate with the phenotype and
then compute the variability of those variants throughout the population. Nonethe-
less, we can see that in the genetic variance σ2g of our holobiont model there are two
contributions, one coming from the genome of the host network and the other from
the genome of the microbial network. We will denote these contributions as σ2g,h and
σ2g,m, respectively. Therefore, σ

2
g ¼ σ2g,h þ σ2g,m and the heritability in Eq. (7.9) can be

written as

h2 ¼ σ2g,h þ σ2g,m

� �
=σ2P: ð7:11Þ

Fig. 7.8 (a) Illustrative example of five Boolean genotypes G1, G2, G3, G4, and G5 corresponding
to five individuals in a population. Each genome has 10 loci. The consensus sequence, which is
shown at the bottom of the table, is constructed using a simple majority rule at each locus. The
variants (or SNPs) of each individual are those loci whose value is different from the corresponding
one in the consensus sequence. These values are highlighted in blue in the figure. Since the
genotypes of the five individuals are different from each other, their phenotypes ξi will usually be
different from each other as well. (b) Table showing the occurrence frequency qi of each variant vi in
the population. Less frequent variants are highlighted in red. (c) Knowing the consensus sequence
of the population, all the information in (a) can be summarized by just indicating the variants of
each individual
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Defining the host heritability and the microbial heritability as h2h ¼ σ2g,h=σ
2
P and

h2m ¼ σ2g,m=σ
2
P , respectively, then the heritability of the holobiont is h2 ¼ h2h þ h2m .

Since both h2h and h2m are positive, it is clear that the two following conditions are
satisfied: h2h � h2 and h2m � h2. If when computing the genetic variance σ2g only the
genome of the host organism is considered, as it is usually the case, then we will
obtain a value h2h which could be considerably smaller than the real value h2, unless
the microbial heritability h2m is negligibly small compared to the host heritability h2h.
But this is not a sensible hypothesis, in view of the fact that the microbiota is strongly
correlated with the emergence of some phenotypes (like diabetes). In our network
model, the microbial network M strongly participates in the training of the host
network H0 to achieve its desired phenotype F(t). The influence of the microbial
network M on the training of the host network H0 is stronger the more regulatory
connections occur between them. We will denote as Kex the number of regulatory
connections from the microbial network to the host network, and refer to them as the
external host regulations.

The details of the algorithm to compute the heritability h2 in our model are
presented in the Appendix. It is based in Eq. (7.6) and closely follows the method
reported in Yang et al. (2010) and Eskin (2015). The results of this computation are
presented in Fig. 7.9, which shows the host and microbial heritabilities, h2h and h2m,
respectively, as functions of the number of external host regulations, Kex. These
results were computed for the final population of holobionts obtained from the
evolutionary algorithm described in this section. Note from Fig. 7.9 that when
Kex ¼ 0, that is, when there is no interaction between the host and microbial
networks, almost all the contribution to the heritability h2 of the phenotype comes
from the heritability h2h of the host network, as should be expected. However, when
Kex increases the interaction between the host and microbial networks becomes
stronger. In this case, the heritability h2h of the host network decreases while the
heritability h2m of the microbial network increases. Even for Kex � 2.5, which

Fig. 7.9 Host and microbial heritabilities, h2h and h
2
m respectively, as functions of the number Kex of

host external regulations. Only for small values of Kex (weak host-microbe interaction) the
heritability of the host network is larger than the heritability of the microbial network. However,
as Kex increases (strong interaction), h2m increases and very rapidly becomes larger than h2h

7 Phenotype Heritability in Holobionts: An Evolutionary Model 217



corresponds to a relatively weak interaction between the host and microbial net-
works, the microbial heritability h2m starts to surpass the host heritability h2h . For
Kex¼ 10 (a strong interaction) almost all the contribution to the heritability h2 comes
from the microbial network. In this strong-interaction case h2h is very small with the
result that h2 � h2m.

7.7 Discussion and Conclusions

The missing heritability problem has been a matter of intense debate for more than
one decade. The fact that many phenotypes that are transmitted across generations
cannot be significantly correlated with a particular set of genetic variants has
generated many possible explanations. Among those explanations three stand out
(Génin 2019). First, it has been proposed that epistatic (nonlinear) effects emerging
from the interactions between these genetic variants may be hindering the identifi-
cation of significant correlations between the genetic variants and the phenotype
under consideration. Second, there is the undersampling problem, which consists in
that rare variants that have a strong effect on the phenotype are not being detected
due to the combination of two factors: these variants occur with very low frequency
in the population and the size of the sampled subpopulation is too small. Third, there
are many common variants whose combined effect on the phenotype is very strong,
but whose individual effects are too small to be detected individually. While these
answers to the missing heritability problem might be true, there is one aspect that has
not been considered when measuring the heritability of the phenotype of a given
organism, which is the genetic variability of its microbiota.

More than one decade ago, the pioneering work by Turnbaugh and his coworkers
(Turnbaugh et al. 2006) showed that the microbiota can have a strong influence on
the phenotypic traits of its host organism. This is particularly true for many of the
phenotypes that researchers have tried to correlate with genetic variants, such as
obesity, diabetes, cancer, and metabolic syndrome. It has also been shown that the
microbiota can be transmitted across generations. Furthermore, there is evidence that
the microbiota can evolve together with its host organism, strongly influencing
(or even substituting) some of the genetic and metabolic functions of the host
organism. Therefore, it is natural to assume that, when computing the heritability
of some phenotypic trait (particularly one that is strongly influenced by the
microbiota), one does have to take into account not only the genotypic variance of
the host organism, but also the genotypic variance of its microbiota. This is the
approach that we have adopted in this work.

We have presented an evolutionary algorithm based on the Boolean gene regu-
latory network model proposed by S. Kauffman in 1969, which has proven to
accurately reproduce the gene expression patterns experimentally observed for
several organisms. The objective is to train a population of networks to perform a
predefined task F(t), which represents the phenotype of the networks. To do this
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training, we mutate the Boolean functions of the networks (their genotypes), which
introduce genetic variability in the population (all the networks have the same
structural topology but slightly different Boolean functions). The main advantage
of working with this model is that we can exactly measure the effect that each variant
has on the phenotype, which in turn allows us to simulate a GWAS analysis in order
to compute the correlations between the genetic variants and the desired phenotype.
From this analysis, three important results are obtained. First, most of the variants
have a very small effect on the phenotype, but there are a few variants that have a
strong effect (Fig. 7.4). Second, when several variants are present in the genotype of
one individual, their effects on the phenotype are mostly additive (Fig. 7.5). There-
fore, epistatic (nonlinear) effects can be ignored when computing the contribution of
several variants to the phenotype. This is an interesting result given that the dynam-
ics determined by Eq. (7.1) are highly nonlinear. And third, GWAS effectively
reveals the variants that have a strong effect on the phenotype (Fig. 7.6). These
results indicate that all the conditions are met in our model to obtain a good estimate
of the heritability h2 of the phenotype based on the variability of the Boolean DNA
of the networks.

To compute this heritability we evolved a population of holobionts, where each
holobiont consists of a host network and a microbial network that can interact
through regulatory connections between them (Fig. 7.7). The goal of the evolution-
ary process is to train the host network to acquire the desired phenotype F(t). It is
important to stress that the phenotype is defined only on the host network. However,
since the host and microbial networks can interact, the adaptation of the host network
to the desired phenotype also depends on the microbial network, and this depen-
dence is greater the more regulatory interactions exist between the host and micro-
bial networks. Therefore, in order to compute the heritability h2 of the phenotype,
one has to take into account the genetic variance of both the host and the microbial
networks. The heritability h2 has two contributions and can thus be written as
h2 ¼ h2h þ h2m, where h

2
h and h

2
m are the heritabilities computed by taking into account

the genetic variance of only the host and only the microbial networks, respectively. It
has happened that when the heritability of a particular phenotypic trait (such as
height, cancer, or diabetes) is computed, only the genetic variance of the human
genome is taken into account. Therefore, researchers all over the world have been
computing h2h instead of h2. From Fig. 7.9 it can be seen that h2 � h2h (i.e., h2h is a
good estimate of h2) only when there are no interactions whatsoever between the
host and the microbial networks (this would correspond to an organism with no
microbiota). However, as soon as the number of interactions between these two
networks starts to increase, very quickly one has h2h < h2 . The difference h2m ¼
h2 � h2h is the missing heritability, and is completely attributed to the genetic
variability of the microbiota. As Fig. 7.9 shows, this missing heritability becomes
larger the stronger the interaction between the host and the microbial networks.

The most important conclusion of the work presented here is the following: even
when epistatic (nonlinear) effects between genetic variants can be neglected, and
even when GWAS can efficiently detect the most important variants that contribute
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to a phenotype, if the genetic variance of the microbiota is not taken into account in
the computation of the heritability h2 of some particular phenotype, then this
heritability will always be underestimated by a large amount. This is particularly
true for those phenotypes that are strongly determined by (or correlated with) the
microbiota composition of the host organism. This problem has recently started to be
addressed experimentally through Metagenome Wide Association Studies
(MWAS), through which the genetic variance of both the host and its microbiota
can be measured (Wang and Jia 2016). Our results strongly suggest that MWAS will
be essential to fill the missing heritability gap.
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Appendix

Following Yang et al. (2010) and Eskin (2015), to measure the heritability h2 of a
given phenotype, we start with Eq. (7.6) of the main text, which determines the value
ξj of the phenotype of the j

th individual in the population as a linear contribution of
the effects of the different genetic variants vi (i ¼ 1, 2, . . ., ΩHL):

ξ j ¼ ξþ
XΩHL

i¼1

gijβi þ e j:

In this equation, ξ is the average value of the phenotype in the population; βi is the
contribution of variant vi to the phenotype; ej is an error that has to do with the
unknown effect of the environment on the phenotype; and gij is a matrix whose
entries acquire the values 1 and 0 depending on whether the jth individual contains
variant vi or not, respectively. For simplicity in the calculation, it is convenient to
perform the change of variable

xij ¼ gij � qi
� �

=σξ,

where qi is the occurrence frequency of variant vi in the population, and σξ ¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
qi 1� qið Þp

is the standard deviation of this quantity. With this change of variable,
first equation of Appendix can be written in matrix form as

ξ ¼ ξ � I þ X � βþ e,

where ξ ¼ ξ1, ξ2, . . . ξNP

� �
is the vector containing the phenotypes of the individuals

in the population (analogously for the vectors β and e), and I is the identity matrix. In
our model, we know exactly the effect βi that variant vi has on the phenotype (it is the
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error difference δξi defined in Eq. (7.5) and reported in Fig. 7.4). However, in a real
situation, this effect cannot be known accurately. Instead, it has to be estimated adbβi ¼ 1

NP
XT
i ξ, where Xi is the i

th row of matrix X and NP is the number of individuals

in the population.
To determine whether the effect of variant vi is or not correlated with the

phenotype, we compute the p-value of the effect of this variant on the phenotype.
The p-value p(vi) corresponding to the variant vi is computed as

p við Þ ¼ 2 1� Φ 1 � t0 við Þj jð Þð Þ,

where t0 við Þ ¼ bβi= ffiffiffiffi
C

p
. In this expression, C ¼ bσ2 XTX

� ��1
is the covariance of the

linear regression with bσ2 ¼ eTe= NP �ΩHLð Þ being the error of the estimation (ΩHL

is the number of different variants occurring in the population). The function Φ(x) is
the (cumulative) normal distribution function.

Once the effect bβi of each variant vi has been estimated, the variants whose effect
on the phenotype is significantly small are discarded. Let us denote as SV the set of
variants that are not discarded and remain in the analysis, namely, the set of variants
that have a strong effect on the phenotype. These variants can occur in the genome of
both the host network and microbial networks. Therefore, the set SV can be
partitioned into two disjoint subsets, SH and SM such that SV ¼ SH [ SM, where SH
is the set of relevant variants that occur in the genome of the host network and SM is
the set of relevant variants occurring in the microbial network. The genetic variance
of the genotype is then estimated as

σ2g ¼
X

vi2SV
bβi

� �2
¼

X
vi2SH

bβi
� �2

þ
X

vi2SM
bβi

� �2
:

The heritability h2 is then computed as

h2 ¼ σ2g=σ
2
P,

where σ2P is the phenotypic variability computed as

σ2p ¼
1
NP

XNP

i¼1

ξi � ξ
� �2

:
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Chapter 8
The Role of Constructive Neutral Evolution
in the Development of Complexity from
Symbioses: A Microbe-Centric View

Ramakrishnan Sitaraman

Abstract Symbiogenesis presents the biologist with very different explanatory
issues compared to the lineal and selectionist view of evolution based on individual
entities, whether genes, organisms or species. A key question is how the
co-existence of two or more partners in close association during a given generation
can ultimately be stabilized enough to be transmitted to the next, how the ensuing
complexity is maintained and how this arrangement impacts the reproductive fitness
of the collective over evolutionary time. In this chapter, we highlight some obser-
vations gleaned from the microbial world that could shed light on this problem if
viewed within the framework of constructive neutral evolution.

“The view of evolution as a chronic bloody competition among individuals and species, a
popular distortion of Darwin’s notion of ‘survival of the fittest,’ dissolves before a new view
of continual cooperation, strong interaction, and mutual dependence among life forms. Life
did not take over the globe by combat, but by networking. Life forms multiplied and
complexified by co-opting others, not just by killing them.”—Lynn Margulis and Dorion
Sagan inMicrocosmos: Four billion years of evolution from our microbial ancestors (1986).

The vernacular usage of the word ‘symbiosis’ practically assumes the accrual of
mutual ‘benefits’ or ‘advantages’ for each partner. However, this is only a reflection
of the cherished human value of fair dealing that makes the act of symbiosis appear
mutually beneficial; we would not describe an insufferable co-worker or a habitual
sponger as someone with whom we have a ‘symbiotic’ relationship. Technically, the
word ‘symbiosis’ in essence refers merely to the act of ‘living together,’made amply
clear by its etymology. Thus, it is applicable with equal force to situations in which
the partners could be indifferent (commensalism) or genuinely co-dependent (mutu-
alism) or exploitative (parasitism). Nature observes no niceties. However, we must
concede that the exchange of mutual benefits (mutualism) is of considerable impor-
tance to the adaptationist-selectionist perspective in ensuring that a given associa-
tion, once initiated, acquires longevity over lifetimes and, crucially, heritability
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across generations. The famous ‘plate count anomaly’ in microbiology that refers to
our inability to isolate only a minor fraction of individual microorganisms as pure
cultures from natural microbial communities is a persistent, if underappreciated,
commentary on how widespread symbiosis may well be in the microbial world that,
after all, represents the majority of life forms on earth. Though the recently devel-
oped high-throughput technique of ‘culturomics’ aims to address this chronic prob-
lem, metagenomics remains the method of choice for investigations of the
composition of microbial communities. Moreover, we must caution that even the
mere act of culturing all the members of a microbial community may not really
enlighten us about the kinds and durability of associations prevalent between those
members, and how these co-evolve over time.

8.1 A Statement of the Problem

Charles Darwin defined evolution as ‘descent with modification,’ inadvertently
helping reify the idea of vertical transmission of heritable characteristics down
given lineages. In the context of symbiosis, it begs the question as to whether
associations between organisms can likewise be stable enough to be transmitted
from one generation to the next. The idea that an assemblage of organisms can be
treated as a unit of natural selection, much like a single organism, is at the root of the
word ‘holobiont’ first used by Adolf Meyer-Abich in 19431 (Meyer-Abich 1943;
Baedke et al. 2020). Lynn Margulis’ insight that the gradualism of Darwinian
evolutionary theory is complemented by the saltation inherent in the theory of
symbiogenesis, famously exemplified by the case of the transition between prokary-
ote and eukaryote (Sagan 1967), is crucial to understanding evolutionary transitions.

In this chapter, we discuss how the perspective of constructive neutral evolution
(CNE, outlined in the next section) may be seriously considered as an explanation
for the origin and stabilization of symbiotic associations, complementing adapta-
tionist and selectionist viewpoints. In particular, CNE is particularly valuable in
explaining the eventual fixation of ‘gratuitous increases in complexity’ (Gray et al.
2010). As Sydney Brenner put it, a mutational change may not have any benefits or
disadvantages, and so long as there are no major disadvantages, it may continue to
persist in the population. In his words, ‘there could be a third value—indifferent—in
addition to good and bad, and these “don’t care” values immensely complicate
the inverse approach . . .We need to remember that whereas mathematics is the art
of the perfect and physics the art of the optimal, biology, because of evolution, is
only the art of the satisfactory’ (Brenner 2010). This immediately begs the question
as to why accounts of these ‘merely satisfactory’ instances are not more widespread
in the literature. Are most associations intrinsically less fit in the Darwinian sense of

1The first usage of the term ‘holobiont’ is often mistakenly attributed to Lynn Margulis (1991) for
several reasons discussed in detail by Baedke et al. (2020).
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leaving behind descendants, as compared to the fitness of their constituents? Or, is
this an outcome of our own bias toward analyzing traits that increase fitness by
conferring an adaptive value for organisms? After all, the ‘dark matter’ of negative
results in the field of biomedicine is evidence (if any were required) of our tendency
to focus on the affirmative and the positive. The acceptance of null hypotheses is
generally deemed uninteresting.

A word about terminology is in order here. ‘Symbiogenesis’ is usually reserved
for the evolutionary transition from the ancestral prokaryote to the eukaryote via
endosymbiosis. However, it has been suggested recently (and, in our opinion,
reasonably) that the term may be used in a general sense to encompass those
evolutionary transitions that could have occurred due to symbiosis, and even if the
participating organisms are no longer clearly discernible as independent entities
(Aanen and Eggleton 2017). For purposes of this chapter, we would like to provi-
sionally accept this reformulation of known terminology, as opposed to new
coinage.

Once we posit symbiosis as a source of evolutionary transitions, the quest for
‘transitional forms’ and the ‘inverse problem’ haunts the investigator who would
venture to reconstruct the sequence of events that could make a case for
symbiogenesis. The fossil record has provided several instances of symbiosis indi-
cating that symbiosis has been fairly common in life’s history (Bermudes and Back
1991; Yuan et al. 2005; Tapanila 2008; Casazza 2012). Experimental approaches
have also indicated the possibility of facultative associations (Shou et al. 2007;
Harcombe 2010; Ohkawa et al. 2011; Shapiro and Turner 2018; Mehta et al.
2018). Research on fossils and experimental approaches to observe or induce
symbiosis among contemporary organisms are essentially motivated by the inverse
problem of evolutionary biology. Much information on the evolutionary history of
contemporary life forms has been lost. The experimental and descriptive approaches
are the best we can do to convert this fundamentally intractable inverse problem into
some semblance of testability and plausibility. A suitable evolutionary model could
then provide us with a conceptual framework as well as interpretive and predictive
ability to better understand how symbiogenesis came to be. We suggest that con-
structive neutral evolution provides us with just such a model to better understand
symbiogenesis and the unidirectional increase in complexity that it entails.

8.2 Constructive Neutral Evolution (CNE) as a Driving
Force for Symbiogenesis?

It must be noted that neutral and unidirectional evolutionary processes were initially
proposed to explain the evolution of the mechanistically complex process of RNA
editing that requires multi-subunit complexes whose components are incapable of
functioning independently (Covello and Gray 1993). This was subsequently detailed
and elaborated by Stoltzfus into the constructive neutral evolutionary model to
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explain the evolution of complexity at the molecular level, for example, guide
RNA-mediated RNA editing, gene duplication and spliceosomal splicing of RNA
(Stoltzfus 1999). Thus, given the complexity of the spliceosome, how could such a
mechanism have evolved by incremental mutation and selection? If the subunits of
the spliceosome are completely co-dependent for effective functioning and are
inactive in isolation, how could the ancestral state with individual but
non-associating subunits have performed the essential functions required to survive
the sieve of natural selection in the intermediate stages?

As explained by Stolzfus, the usage of the word ‘constructive’ in the evolutionary
sense refers not to advantages associated with variations, but serves as a counterpoint
to ‘reductive’ or ‘conservative.’ Reductive and conservative refer to decreasing or
unchanging complexity respectively, while constructive refers to increasing com-
plexity. Importantly, the word ‘neutral’ does not necessarily mean that the effect of a
neutral mutation on the fitness of the organism is exactly zero relative to the wild-
type; rather, it simply indicates that the fitness is not appreciably different relative to
the wild-type (‘approximate parity’) (Stoltzfus 1999). There are some crucial fea-
tures in this theory that recommend it as an alternative to adaptationist or selectionist
views (Gray et al. 2010):

(a) A novel mutation may/need not be immediately beneficial in terms of conferring
a fitness advantage on its possessor. It is sufficient if it is not deleterious.

(b) Neutral pre-suppression, that is, the occurrence of mutations that can suppress
the effects of otherwise deleterious mutations that may arise later. However,
subsequent mutations elsewhere may render the loss of the original mutation
deleterious to the survival of the organism. The problem of the survival of a
deleterious intermediate in the progression toward more complex configurations
is circumvented. A deleterious mutation need not persist across generations in
the face of competition awaiting rescue by a suppressor. Rather, the suppressor
exists before the occurrence of the deleterious mutation (‘pre-suppression’),
perhaps serving unrelated functions.

(c) Complex, multi-subunit associations arising in (b) may further accumulate
secondary mutations that render the association obligatory for functioning,
thereby facilitating a unidirectional increase in complexity and necessitating its
continuation for the survival of the organism. In other words, the aggregate
undergoes purifying or negative selection.

Can this schema be adapted to microbial symbiogenesis? Proceeding by analogy
for the case of a two-member microbial symbiosis (see Fig. 8.1), we may state that:

(a) Independently evolving organisms may physically interact on occasion but
without losing the ability to exist autonomously. They continue to independently
undergo mutation and elaborate the corresponding phenotypes. We may term
this the ‘facultative’ phase.

(b) One partner elaborates a phenotype that is not immediately ‘useful’ or ‘harmful’
to it. This could be, for instance, a metabolic capacity that produces certain
beneficial compounds, but is not required by the other. This we may term the
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‘capacity building’ or ‘pre-suppression’ phase. Note that both this and the earlier
phase are perforce neutral insofar as fitness is concerned.

(c) The other partner may lose the capacity to synthesize those beneficial com-
pounds, making it entirely dependent on the first. This commences the phase of
‘obligate dependence,’ leading to commensalism or parasitism as conventionally
stated.

(d) Subsequent rounds of ‘capacity-building/pre-suppression’ followed by the
development of dependencies corresponding to the pre-suppression could lead
to ‘irreversible mutual dependence’ and decisively compromise the capacity for
unaided autonomous existence.

Note that this scheme introduces an element of what is termed ‘contingent
irreversibility’ into the model (Szathmáry and Smith 1995; Szathmáry 2015; May-
nard Smith and Szathmáry 1995). The exact identity of these excess capacities and
the deficiencies they compensate for depends on the nature of the events that occur
among specific groups at a given point in their evolutionary histories and, crucially,
under particular ecological conditions that may not recur at later times.

(a)  Reversible Facultative Phase (b)  Reversible Pre-Suppression/Capacity Building

(c)  Partly-irreversible Obligate Dependence

Unviable
Unviable

Multiple 
Rounds of 
Capacity 

Building & 
Dependence

(d)  Irreversible Mutual Dependence 

Unviable

Fig. 8.1 Incremental increase of dependence ensuring irreversibility of a two-microbe symbiosis
via neutral changes. The different phases of the association outlined in the text are indicated. The
participating microbes are symbolized by the large bacillus- and coccus-like shapes. Metabolites are
the smaller shapes, and their associated arrows indicate the source of production and the direction of
transfer. (a) Both microbes can associate, but can also survive autonomously—the facultative
phase. (b) In the pre-suppression phase, the bacillus produces a metabolite (circle) that is used by
the coccus, as indicated by the direction of the arrows. However, both are still capable of
autonomous existence because the coccus can still produce the metabolite if required. (c) Obligate
dependence arises when the coccus is unable to synthesize the metabolite and becomes completely
dependent on the bacillus for survival. (d) Multiple rounds of this process result in a mutual
dependence for several metabolites between the partners such that neither is able to survive
autonomously. The first two phases are reversible in that separation of the partners does not affect
viability. Irreversibility starts building up from the third phase onward, with at least one partner
rendered unviable without the association
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8.3 What Natural History Can Tell Us

We now examine particular instances of microbial associations that serve to illustrate
the four steps we have outlined for symbiogenesis via CNE above. (The reader is
warned that the choice of examples is merely illustrative and not meant as an
exhaustive enumeration.) The ‘facultative’ state may be exemplified by the life
history of the well-studied protist ‘slime mold’ Dictyostelium discoideum that can
exist either as independent amebae or as a collective ‘slug’ that eventually matures
into a fruiting body that releases spores. Note that in this case the cyclic AMP signal
promoting aggregation is released by the amebae themselves. More spectacularly, a
sulfonolipid termed ‘rosette-inducing factor’ (RIF-12) produced by the aquatic
bacterium Algoriphagus machipongonensis is capable of inducing the aggregation
of the cells of the free-living, unicellular, eukaryotic choanoflagellate Salpingoeca
rosetta, resulting in a rosette-like arrangement (Alegado et al. 2012). Besides being
an instance of the recognition of a molecule across phylogenetically distant lineages,
the foregoing example also illustrates that our recognition of what we term ‘excess
capacities’ may be highly context-dependent; no amount of genome sequencing of
the choanoflagellate would indicate that it might exhibit such a response to a
bacterial compound.

A different example is the case of the association between the archaeon
Ignicoccus hospitalis that is colonized by another archaeon Nanoarchaeon equitans
(Huber et al. 2002). Detailed investigation of this association in co-culture revealed
certain interesting facts (Jahn et al. 2008). This association was found to be obligate
in that N. equitans is incapable of growth in culture in the absence of its host, and
specific in that N. equitans cannot proliferate in the presence of other Ignicoccus spp.
Isotopic labeling experiments strongly suggested the uptake of both lipids and amino
acids from I. hospitalis by N. equitans. But, most interestingly for our case, the
presence of N. equitans does not seem to be either beneficial or harmful for its host
I. hospitalis, in contrast to the situation expected of parasitism. Could this be a case
of ‘excess capacity’ in I. hospitalis compensating for the diminution of capacity in
N. equitans resulting in the obligate dependence of the latter on the former, but in a
neutral manner? Thus, one partner has retained its autonomy, while the other has
become dependent on it.

An instance of complete two-way dependency is observed in phototrophic con-
sortia formed between sulfur bacteria and Betaproteobacteria occurring in the
chemocline of stratified lakes. Typically, the consortium consists of a single central,
colorless betaproteobacterium surrounded by several (up to 69) green sulfur bacterial
epibionts. The epibionts are anaerobic and photoautotrophic, besides acting as light
sensors. The central bacterium is motile and preferentially moves away from dark
areas into lighted ones (scotophobotaxis). Signaling between the epibionts and the
central bacterium ensures that cell division between the partners is coordinated. The
consortium termed Chlorochromatium aggregatum is the only one that has been

2Unrelated to eukaryotic RIF1 involved in the process of repairing double-strand DNA breaks.
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successfully propagated in the laboratory (reviewed by Müller and Overmann 2011).
It consists of 15 cells of Chlorobium chlorochromatii strain CaD epibionts surround-
ing the central betaproteobacterium Candidatus Symbiobacter mobilis (Liu et al.
2013). Ca.S. mobilis is entirely dependent on its epibionts and cannot be cultured
independently in the laboratory, while the C. chlorochromatii can. However, the
epibionts have never been detected in isolation in nature, highlighting the impor-
tance of ecology in maintaining such associations. From our viewpoint, we note that
this is an indication of obligate mutual dependence, with the consortium functioning
as a single entity relative to its environment.

The recent isolation and characterization of an Asgard archaeon from deep-sea
methane seep sediments incidentally suggests that a neutral process could have been
involved in eukaryogenesis (Imachi et al. 2020). This organism belongs to the
archaeal phylum Lokiarchaeota and is designated Candidatus3 Prometheoarchaeum
syntrophicum strain MK-D1. Initially Ca. P. syntrophicum was enriched under
syntrophic (cross-feeding) conditions in combination with a sulfate-reducing bacte-
rium (Halodesulfovibrio sp.) and an archaeon (Methanogenium sp.). The bacterium
was initially included because 16S rRNA analysis of the first successful cultures in a
basal medium supplemented with casamino acids and bacteria-suppressing antibi-
otics revealed a simple microbial community consisting mostly ofHalodesulfovibrio
and small numbers of Lokiarchaeota. Later experiments indicated that
Ca. P. syntrophicum could be successfully co-cultured with Methanogenium
sp. alone. Extensive metabolic analysis of Ca. P. syntrophicum indicated that it
could catabolize 10 amino acids through hydrogen/formate exchange during
co-culture with Halodesulfovibrio and Methanogenium. Based on their findings,
Imachi et al. proposed a model of eukaryogenesis wherein an ancestral anaerobic
archaeon degrading amino acids to short-chain fatty acids and H2 could have initially
partnered with a sulfate-reducing bacterium (SRB) that could scavenge H2 (and
indirectly O2). An additional partnership with a facultatively aerobic organotrophic
bacterium that could also scavenge O2 could have enabled further development of
aerotolerance and its subsequent endosymbiosis with the archaeon, with or without
the external SRB partner. Note that, in this model, neither of the partners—archaeon
or SRB—needs the other in the initial stage. However, it is speculated that a
subsequent rise in atmospheric O2 levels would have stabilized this partnership
and also facilitated the acquisition of the facultatively aerobic endosymbiotic bacte-
rium. Here natural selection acts as a negative filter, imposing contingent irrevers-
ibility on the association. As an interesting aside, we note recent evidence for the
apparent loss of mitochondria (and mitochondrial genes) in two contemporary
eukaryotes inhabiting hypoxic environments, namely, Henneguya salminicola
(Yahalomi et al. 2020) and Monocercomonoides sp. PA203 (Karnkowska et al.

3Imachi et al. opted to retain the Candidatus nomenclature even after culturing the organism and
sequencing its genome because its very low growth rate and, consequently, low cell mass obtained
were insufficient for the kind of biological characterization mandated by current standards of
nomenclature. Therefore, the culture was not deposited in any culture collection either. (Supple-
mentary note 3, Imachi et al. 2020).
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2016). These two instances illustrate the importance of negative selection in
maintaining the irreversibility of a symbiotic association; in these two cases, a
long-term change in environmental conditions (hypoxia) seems to have destabilized
an established symbiosis.

8.4 The Importance of Neutrality in Evolution and Ecology
Vis-à-Vis Symbiogenesis

It is impossible to envision any genuine natural history of living organisms without
incorporating the elements of both evolution and ecology, each of which influences
the other, into the overall description. Theories of neutrality extend the analytical and
predictive spectrum of both ecological and evolutionary models. The importance of
neutrality in an evolutionary context was initially enunciated by Motoo Kimura
(1977), and in an ecological context by Stephen Hubbell (2001). Note that this
section is by no means a comprehensive overview of neutral theories, but only a
discussion of their relevance to CNE in the specific case of symbiogenesis by means
of suitable examples.

The neutral theory of species diversity emphasizes the importance of stochastic
processes in the formation and establishment of community structure and suggests
the functional equivalence of species within ecological communities. Its proponents
suggest that neutrality is either an approximation or a useful null hypothesis in a
strict sense (Hubbell 2005; Rosindell et al. 2012). However, neutrality in the
ecological sense does not automatically rule out natural selection. Evolution by
natural selection constantly occurs at the phenotypic level—which would imply
that function is privileged over specific genotypes (Martínez and Moya 2011). For
example, a recent meta-analysis of available microbiota-related datasets across a
wide range of animal hosts (sponges, nematodes, mice, hydra, jellyfish and sea
anemone) as well as environmental samples illustrated the relative importance of
neutral and niche-based assembly (Sieber et al. 2019). Environmental samples
tended to be more consistent with a neutral model, while animal microbiota,
subjected to selection by host innate and/or adaptive immune systems, deviated to
varying extents from expectations of neutrality. Among the animal microbiota
analyzed by Sieber et al., the composition of the microbiota of sponges, laboratory
populations of jellyfish and, rather surprisingly, that of a wild mouse population
followed a neutral model very closely. The microbiota of other animals deviated
significantly from neutral expectations, especially across developmental stages in
organisms such as the hydra and the sea anemone. Finally, it seems that the process
of microbial community assembly after passage through an environmental filter in
the form of the animal host is also highly consistent with a neutral model. However,
for the host to survive and propagate from the evolutionary viewpoint, varied
microbiota must eventually elaborate equivalent functions, regardless of the identity
of the microbes providing these services (Sitaraman 2018), which incidentally
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converges to the idea of functional equivalence emphasized by (ecological) neutral
theory.

Neutral evolutionary theory, on the other hand, explains the existence of gene
variants and, ultimately, phenotypes that do not impose a fitness penalty on the
individual organism. Microbes, with their short generation times and large popula-
tion sizes, can understandably produce a diverse range of variants even if the actual
mutation rate per cell per generation is relatively low. To these attributes may be
added their biochemical versatility and planet-wide ubiquity in a staggering range of
habitats that, we suggest, present immense and unique possibilities for inter- and
intra-species interactions waiting to be identified and analyzed. Recent work
utilizing computational metabolic modeling of the effect of ‘costless’4 metabolite
secretion on hypothetical pairwise associations between 24 well-characterized
micro-organisms indicated not only the emergence, but also the stabilization of
syntrophic relationships in minimal media under oxic and anoxic conditions
(Pacheco et al. 2019). Thus, an essentially neutral phenotype (costless metabolite
secretion) can initiate and stabilize inter-microbial interactions.

To reiterate, the theory of CNE can help us better understand the emergence,
evolution and stabilization of increasingly complex and irreversible symbiotic rela-
tionships over time and in various ecological niches. Most importantly, it helps us
conceive an evolutionary trajectory that is not always dependent on adaptation and
natural selection. Rather, it indicates that, once inter-organismal dependency
becomes obligate (e.g. due to loss of biochemical capacity due to mutations in a
syntrophic association), the disruption of a partnership amounts to negative selection
against the individual partner(s). Thus, the once-fortuitous and facultative associa-
tion of prokaryotic partners is rendered irreversible, coincidentally leading to an
increase in biological complexity.
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Chapter 9
Chemiosmosis, Evolutionary Conflict,
and Eukaryotic Symbiosis

Neil W. Blackstone

Abstract Mutualistic symbiosis, in which individuals of different species cooperate
and both benefit, has long been an evolutionary puzzle. Why should individuals
of two different species cooperate? In this case, as in all others, cooperation is
not automatic, but rather requires the mediation of evolutionary conflicts. In
chemiosmosis, redox reactions produce a trans-membrane “proton-motive force”
that powers energy-requiring reactions in most organisms. Chemiosmosis may also
have a role in conflict mediation. Chemiosmosis rapidly produces considerable
amounts of products, increasing the risk of end-product inhibition and the formation
of dangerous by-products, such as reactive oxygen species. While several mecha-
nisms can modulate chemiosmosis, potential negative effects can also be ameliorated
by simply dispersing excess product into the environment. This “free lunch you are
forced to make” can attract individuals of other species leading to groups, in which
other organisms share the products that are released into the environment by the
chemiosmotic cell or organism. Since the time of Darwin, evolutionary biology has
recognized that groups are the key to the evolution of cooperation. With many small
groups, chance associations of cooperators can arise, even if cooperation is selected
against at the individual level. Groups of cooperators can then outcompete groups of
defectors, which do not cooperate. Indeed, numerous symbioses may have arisen in
this way, perhaps most notably the symbioses of host cells and chemiosmotic
bacteria that gave rise to the eukaryotic cell. Other examples in which one partner
relies on chemiosmotic products supplied by the other include lichens, corals or
other metazoans and dinoflagellates, sap-feeding insects, and plant–rhizobia and
plant–mycorrhiza interactions. More problematic are cases of gut microbiomes—for
instance, those of termites, ruminants, and even human beings. Under some but not
all circumstances, chemiosmosis can be co-opted into punishing defectors and
enforcing cooperation, thus leading to mutualistic symbioses.
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9.1 Introduction

Symbiosis, intimate relationships between different organisms, often at the cellular
level, can range from parasitism to commensalism to mutualism. The last, in which
both the host and the symbiont benefit, has attracted considerable attention. Why
should individuals of two different species cooperate? Indeed, such examples seem
to be contrary to Darwinian evolution and for some time were supposed to be just
that (Blackstone 2016). Currently, however, explicit considerations of evolutionary
conflict are recognized as a central issue in understanding symbioses (Bronstein
2015), and cooperation is not an automatic outcome. In other words, as discussed in
more detail below, even when a host–symbiont community appears to be dominated
by mutualistic interactions, evolutionary conflict can still arise. Cooperation emerges
if individuals forgo reproduction to contribute to the group, but selection will
inevitably favor the opposite (Nowak 2006). Mechanisms must evolve or more
typically be co-opted into mediating these evolutionary conflicts.

In chemiosmosis, redox reactions produce a trans-membrane “proton-motive
force” that powers energy-requiring reactions in most organisms. Furthermore,
under some circumstances, chemiosmosis may function as a mechanism of conflict
mediation. As outlined below, chemiosmotic reactions are extremely fast and can
quickly produce large quantities of products. These products can be stored in various
ways, but storage mechanisms are slow relative to chemiosmosis and in any event
storage capacity is usually limited. When conditions are opportune, chemiosmotic
cells and organisms face the possibility of “end-product inhibition” (e.g., Chance
and Williams 1956; Goldschmidt and Huber 1992), which can have severe conse-
quences. In some sense, chemiosmosis confronts organisms with the same issues
that southern California electric utilities face on sunny, windy days—the need to
entice consumers to use more electricity before transmission lines melt (Service
2019). While mechanisms that modulate chemiosmosis are available (e.g., Allen
et al. 2011; Malone et al. 2019), an alternative solution is simply to disperse excess
product into the environment. Such inadvertent largesse can lead to the formation of
symbiotic associations, which are in some ways similar to “byproduct” symbioses
(Bronstein 2015). The resulting groups may be the key to the evolution of cooper-
ation. I will suggest that such dynamics can have profound impacts on some
mutualistic symbioses. First, however, some background is necessary.

9.2 Energy, the Currency of Biological Evolution

At the outset, it is axiomatic that natural selection favors organisms that devote all
available resources into their reproduction. Sharing resources, whether with individ-
uals of the same or different species, will usually be strongly selected against if these
resources can be converted into more offspring. Thus, the organism that shares, say,
half the available substrate with another organism will be outcompeted by the
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organism that monopolizes all available substrate and channels this into its repro-
duction. With regard to symbiosis or any other potentially cooperative interaction,
such “defectors” that do not cooperate will usually be favored (Nowak 2006).

9.3 Chemiosmosis

Chemiosmosis describes the ubiquitous process that most living organisms use to
convert energy. Notably, it yields considerably more ATPs than energy conversion
based on substrate-level phosphorylation (e.g., fermentation). Chemiosmosis also
proceeds by mechanisms wholly different from substrate-level phosphorylation.
First described in a series of revolutionary papers by Peter Mitchell (e.g., Mitchell
1961), the surviving theory has been substantially modified from that which was
originally proposed (e.g., Boyer et al. 1977). Nevertheless, the basic elements of
chemiosmosis remain clearly recognizable (e.g., Allen 1993). Electron carriers,
embedded in a membrane that is impervious to protons, connect what are ultimately
environmental sources and sinks of electrons. As redox reactions proceed, the
electron carriers translocate protons across the membrane. These protons then
move back across the membrane via ATP synthase triggering the formation of
ATP from ADP and inorganic phosphate. While microbial chemiosmotic processes
are many and various, here the focus will be on oxidative phosphorylation in
mitochondria and oxygenic photosynthesis in chloroplasts. While of course chloro-
plasts require light, in many ways they function similar to mitochondria. Electrons
(from water in the former or coenzymes such as NADH in the latter) power an
electron transport chain, producing a proton gradient, which catalyzes the formation
of ATP in both chloroplasts and mitochondria (NADPH is also formed in the former)
(Fig. 9.1). Cells containing mitochondria can then store ATP as phosphoenolpyr-
uvate or phosphocreatine or something similar, while chloroplasts store the energy in
ATP and NADPH by fixing carbon via the soluble enzyme RuBisCO (ribulose-1,5-
bisphosphate carboxylase/oxygenase).

At the same time that Mitchell was developing the chemiosmotic theory, other
work began to reveal the existence of quantum electron transfer in biological systems
(e.g., Chance and Nishimura 1960). In addition, later work showed the existence of
“super-complexes” among the membrane-bound electron carriers. Thus, electron
transfer within and between membrane-bound complexes in chemiosmosis occurs
extremely rapidly (Moser et al. 1992; Dudkina et al. 2005). This rapidity poses
problems in linking chemiosmosis to the soluble reactions that store energy. For
instance, RuBisCO is perhaps the most abundant protein on Earth because it is
“mopping up” the products of chemiosmosis. The linking of chemiosmosis to slower
soluble reactions and potentially limited storage capacity has other consequences as
well. If an accumulation of products inhibits electron flow, these electrons may
divert to molecular oxygen and reactive oxygen species (i.e., partially reduced forms
of oxygen, ROS) will form. The chemiosmotic process itself is the cause of ROS
formation.
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9.4 Evolutionary Conflict

In evolutionary terms, cooperation usually involves costs and thus is not an auto-
matic outcome. Hosts and symbionts may respond to divergent selective forces
(Bronstein 2015). A defecting symbiont can be selected to sequester resources
from the host and symbiont community and to use these resources for its replication.
Such defectors may gain a replicatory advantage compared to cooperative symbionts
that at least in part forgo reproduction and share resources with the larger commu-
nity. On the other hand, by sharing resources with the host, the cooperative symbiont
community often establishes a more durable environment for their long-term persis-
tence. Despite these long-term advantages, the host and the larger symbiont com-
munity (the higher-level unit) remain vulnerable to exploitation by lower-level
defectors. Cooperation can emerge only if mechanisms of conflict mediation evolve
to suppress defectors. These mechanisms typically decrease the heritable variation at
the lower level, thus limiting the evolution of potential defectors, or increase the
heritable variation at the higher level, thus potentiating selection against groups of
defectors (Michod 1999). While symbiosis is often conceptualized in bilateral terms
(e.g., mutualism or parasitism), mechanistically these evolutionary interactions are
multilateral and multilevel. In other words, even when a host–symbiont community
that appears to be dominated by mutualistic interactions, defecting symbionts can
still arise and flourish unless they are controlled by mechanisms of conflict media-
tion. Population structure often plays a role in conflict mediation, particularly if a
population is subdivided into many small groups, in which case groups of cooper-
ators can arise purely by chance. In this way, even if cooperation is selected against

Fig. 9.1 Schematic outlining eukaryotic chemiosmosis. Mitochondria oxidize reduced co-factors
such as NADH, run the electrons through an electron transport chain (ETC), and build a trans-
membrane proton gradient. Protons return via ATP synthase, triggering the formation of ATP from
ADP and inorganic phosphate (Pi). With the input of light energy, chloroplasts oxidize water, run
the electrons through an electron transport chain (which is homologous to that in mitochondria), and
build a transmembrane proton gradient. As in mitochondria, protons trigger the formation of ATP
and electrons reduce NADP+ to NADPH. Mitochondria can store ATP as phosphoenolpyruvate,
phosphocreatine, or similar compounds, while chloroplasts store the energy in ATP and NADPH by
fixing carbon via the soluble enzyme RuBisCO
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at the level of the individual, it can still arise and be favored at the level of the group
(Radzvilavicius and Blackstone 2018).

9.5 Chemiosmosis and Conflict Mediation

The hypothesis that chemiosmosis can mediate conflict and lead to associations
among organisms is based on the following three premises:

1. Under circumstances that favor chemiosmosis, the energetic needs of a cell or
organism may be easily met because this process is extraordinarily fast and
efficient.

2. By its biochemical nature—separating hydrogen atoms into component electrons
and protons—chemiosmosis can be a potentially fraught process.

3. Given (1), in chemiosmotic cells and organisms too much ATP is more frequently
a problem than too little. Given (2), too much ATP can be risky in that it leads to
end-product inhibition causing loose electrons to form dangerous by-products.

Cooperation is usually selected against because of the evolutionary costs of
sharing, but if chemiosmosis diminishes these costs, or removes them entirely, or
even converts them into benefits, cooperation can then be favored and associations
among organisms can form. Nevertheless, even in groups of cooperators formed in
this manner, defectors may still arise, e.g., by mutations that counteract passive
“leakage” of product through a cell wall, or by loss-of-function mutations to genes
coding for transporters that would otherwise carry excess product out of the cell or
organism. If the excess product can then be diverted into greater reproductive
success, defection will be favored. If, however, defection leads to end-product
inhibition, it will have costs and will be selected against. Thus, if the origin of life
is “the free lunch you are paid to eat” (Lane 2009), then when the lunch is no longer
free, you must make your lunch or steal someone else’s. With chemiosmosis,
however, there may be “the free lunch you are forced to make.”

9.6 Chemiosmosis and Symbiosis

Casual observation suggests that many successful symbioses involve an exchange of
products produced by chemiosmosis. The symbioses that produced the eukaryotic
cell involve chemiosmotic organelles—mitochondria and chloroplasts. Since all
eukaryotes primitively contain mitochondria, eukaryotic symbioses typically
involve photosynthesis. Secondary symbioses between nonphotosynthetic and pho-
tosynthetic eukaryotes have occurred several times. Fungi and algae bond together in
lichens; many marine animals rely on photosynthetic dinoflagellates; photosynthetic
plants are symbiotic with nitrogen-fixing bacteria and arbuscular mycorrhizal fungi;
insects feed on sap from photosynthetic plants; and so on. There is also a large class

9 Chemiosmosis, Evolutionary Conflict, and Eukaryotic Symbiosis 241



of associations between gut microbiota and metazoans—e.g., ruminants, termites,
and even human beings—which at least in part include fermentative microbes
releasing substrate that is utilized by the chemiosmotic host. In all of these symbi-
oses, chemiosmosis figures prominently in the interaction. Is this merely a coinci-
dence? Although existing symbioses cannot provide direct evidence into their
formative steps, specific examples can still be instructive in terms of which sort of
relationships—e.g., chemiosmotic symbionts or chemiosmotic hosts—favor mutu-
alistic symbioses. By no means is the following intended to be a comprehensive
review; rather, these examples are introduced to highlight themes that can then be
synthesized in Discussion section.

Coral-dinoflagellate Symbiosis While numerous marine animals form symbiotic
associations, clonal and colonial animals such as sponges, ascidians, bryozoans, and
cnidarians are particularly likely to do so (Wulff 1985; Burgess et al. 2017; Bang
et al. 2018; Blackstone 2020). Notably, all modern reef-building cnidarians contain
endosymbiotic dinoflagellates (Hoegh-Guldberg 1999), formerly considered
Symbiodinium and now classified as the family Symbiodiniaceae (LaJeunesse
et al. 2018). Many other colonial cnidarians, whether part of coral reef communities
or not, also exhibit similar symbioses. The coral-dinoflagellate symbiosis has
attracted considerable study because its breakdown triggers coral bleaching. When
environmental stress becomes extreme, these dinoflagellates are lost, and corals
bleach (Davy et al. 2012). As elaborated below, chemiosmosis likely not only
alleviates evolutionary conflicts but also contributes to the process of coral bleaching
in which cooperation breaks down.

Notably, while taxa included in the Symbiodiniaceae form symbioses with corals
and many other metazoans, they also remain capable of free-living existence
(Fig. 9.2). Given the intense competition for space in the marine benthos, symbiosis
is a path by which Symbiodiniaceae can become larger and thus more effective
competitors. For the metazoan host, symbiosis is a path to at least partial autotrophy,
since these dinoflagellates are photosynthetic and actively export various forms of
reduced carbon (Davy et al. 2012).

Despite these mutual benefits, a durable symbiosis requires robust mechanisms of
conflict mediation. As suggested above, a population structure of many small groups
can often mediate a conflict. No matter how strongly defectors are selected for at the
individual level, with many small groups, purely by chance (i.e., genetic drift) some
groups will comprise only cooperators. These groups of cooperators will then be
strongly selected for at the group level and outcompete groups with more defectors.
This sort of scenario likely contributed to the secondary symbioses that gave rise to
dinoflagellates among others (Radzvilavicius and Blackstone 2018). Some stages of
the life cycle of colonial cnidarians may comprise many small groups, e.g., when
small, sexually produced colonies first take up symbionts. Overall, however, colo-
nial cnidarians have a population structure that appears entirely unfavorable in this
respect, perhaps best characterized as relatively few very large and very long-lasting
groups. In other words, colonies are large, long-lived, and relatively scarce, as
compared to, say, insects or nematodes, and a single colony contains many trillions
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of symbionts. Under these conditions, defecting symbionts are strongly selected for
within a colony, and additional mechanisms of conflict mediation are a necessity.

Housing symbionts within host cells is a way to create many small groups within
a single colony. Furthermore, maintaining symbionts in small groups within cells
allows other mechanisms to mediate conflict (Fig. 9.3). Replication of symbionts is
typically limited by the host, likely by limiting provisioning with inorganic nutrients
(Davy et al. 2012). Combined with limited replication of symbionts, the biophysics
of chemiosmosis dictates that excess product must be exported by the symbiont, i.e.,
shared with the higher-level unit. If the transporter pathways in the symbiont are

Fig. 9.3 Schematic of evolutionary conflict and its mediation in cnidarian photosymbioses. Via
mechanisms that are only partly understood, replication of the symbiont is constrained by the host
cell. To avoid product inhibition, the symbiont usually exports reduced carbon. Various mutations
to transporter pathway genes can inactivate this export. In the presence of light, product inhibition
and other mechanisms result in reactive oxygen species (ROS) formation, which in turn triggers
programmed cell death (PCD) of the host cell

Fig. 9.2 Individuals of Cladocopium of the Symbiodiniaceae, formerly clade C of Symbiodinium,
in laboratory culture. The existence of a free-living population of symbionts has important impli-
cations for a symbiosis. Cladocopium and other Symbiodiniaceae are capable of a free-living
existence and thus can recolonize corals or other metazoan hosts. Because of accessory photosyn-
thetic pigments, these cells absorb green wavelengths and hence appear yellow (each cell is roughly
5–10 micrometers in diameter)
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inactivated by mutation, the redox state of the now-defecting symbiont will shift in
the direction of reduction because of product inhibition or other mechanisms (Black-
stone and Golladay 2018). High levels of reactive oxygen species will form, in turn
triggering programmed cell death.

This hypothesis can illuminate features of the coral-dinoflagellate natural history
that otherwise are difficult to explain. Symbiotic corals often release large quantities
of reduced carbon (Crossland et al. 1980; Muscatine et al. 1984). Much of this
substrate is released in the form of mucus, which includes lipids and polysaccharides
and is utilized by many other organisms (Crossland et al. 1980). Coral workers have
struggled to explain how this is adaptive; it may, however, simply be a mechanism to
disperse excess product into the environment. Indeed, as pointed out by Crossland
et al. (1980: p. 89): “Lipid production may provide an alternative to zooxanthellae
photorespiratory processes. . .in utilizing excess photosynthetically produced ATP
and reducing power [NAD(P)H]. . . .A variety of mechanisms for dispersal of reduc-
ing power may be an important feature in maintaining chloroplastic integrity of
zooxanthellae contained by the sessile coral in high light environments (e.g., reef
flats, shallow reefs).” As was commonplace at the time, Crossland et al. (1980)
referred to the Symbiodiniaceae as zooxanthellae.

Furthermore, given such overproduction of a substrate, exposing symbionts to
high light levels seems of little value. When considered in terms of conflict medi-
ation, however, exposing symbionts to high light levels, while at the same time
limiting their replication, ensures that defectors, which do not export the substrate,
essentially self-identify and self-destruct by overproducing reactive oxygen species
(Blackstone and Golladay 2018).

By this view, high levels of environmental stress cause photosynthesis to break
down, and many symbionts may emit high levels of reactive oxygen species, leading
to bleaching (Weis 2008; Davy et al. 2012; Parrin et al. 2017). Bleaching is a
by-product of failed conflict mediation, which leads to the failure of the higher-
level unit. Nevertheless, under the same circumstances, Symbiodiniaceae themselves
do not bleach. Dinoflagellates are a product of a secondary symbiosis between two
eukaryotic cells, one of which contained chloroplasts (Janouškovec et al. 2010). This
symbiosis is likely based on chemiosmosis as well, but it does not break down,
arguably because it exhibits more effective mechanisms of conflict mediation (e.g.,
genome loss) that entirely prevent this. Adaptation to environmental stress in
colonial cnidarians with symbiotic dinoflagellates may require the evolution of
more robust mechanisms of conflict mediation.

Lichens By definition, lichens include a variety of terrestrial fungi that form
symbiotic associations, usually with cyanobacteria or green algae and sometimes
including another fungal partner (Nash 2008). These associations may in many ways
parallel those of dinoflagellates and marine metazoans, but with some noteworthy
differences. The symbionts are generally not housed in cells but rather in a network
of hyphae. The symbionts are taxonomically diverse, and it is not clear whether
some symbiont types are capable of a free-living existence. In parallel to coral-
dinoflagellate symbiosis, the benefits of the associations include allowing the algal
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or bacterial symbionts to achieve the larger size and thus better compete in terrestrial
systems, while the host can achieve autotrophy at least in part via symbiont-released
carbohydrates. In contrast to dinoflagellates, this apparently occurs passively via a
permeabilized cell wall. There are some indications that the fungal host forms
structures, called haustoria, which allow extraction of reduced carbon from the
symbionts as well as perhaps provisioning them with water and inorganic nutrients
(Nash 2008).

Given the extra-cellular location of the symbionts, mechanisms of conflict medi-
ation in lichens are unlikely to be based on chemiosmosis, as are those in
dinoflagellate–animal symbioses. Rather, it may be that conflict arises when symbi-
ont mutations counteract permeabilization of the cell wall, while mediation occurs
simply by the host breaking down and assimilating symbionts that cease to export
reduced carbon.

Plant-rhizobia Symbioses In contrast to the previous examples, the host is the
photosynthetic partner in these relationships. Provisioning of soil bacteria could
thus proceed with little cost, and, in the case of rhizobia, a considerable gain in the
form of nitrogen fixation (Spaink et al. 1998). Nevertheless, the provisioning of the
host with fixed nitrogen does not involve a chemiosmotic process, so it cannot be
facilitated, nor evolutionary conflict mediated, by chemiosmosis. Possibly conflict is
mediated by general defenses of plants against parasites, e.g., the hypersensitive
response (e.g., Dangol et al. 2019).

Plant-arbuscular Mycorrhizal Fungi Paralleling the previous example, the sym-
biosis between most land plants and fungi of the phylum Glomeromycota is one of
the most consequential for terrestrial ecosystems in general and for cultivated crops
in particular (e.g., Jacott et al. 2017; Wipf et al. 2019). As with lichens, the fungal
partner supplies inorganic nutrients and water, while the plant supplies reduced
carbon. Furthermore, the benefit to the plant increases with available light (Johnson
et al. 1997), suggesting that when conditions are favorable for chemiosmosis, the
fungal network may serve as a sink for excess photosynthate.

Sap-feeding Insects As with rhizobia and other soil bacteria and fungi, sap-feeding
insects can be thought of as utilizing the photosynthetic bounty of terrestrial plants,
which may be dispersed at little cost. Thus, these seemly parasitic symbionts may be
less harmful than they seem. With a diet of nutrient-poor sap, however, these insects
typically require endosymbiotic bacteria, which supply crucial nutrients to their
hosts. While these bacteria have been compared to chloroplasts and mitochondria
(e.g., McCutcheon 2016), there is at least one crucial difference: it is the host insect
that is supplying the chemiosmotic products, albeit second hand, to the bacteria.
Thus, as elaborated in Discussion section, these endosymbiotic bacteria parallel, for
example, rhizobia much more than true eukaryotic organelles. Symbiont
chemiosmosis cannot facilitate the formation of, nor subsequently mediate conflict
in, these symbioses.

Termite-flagellate Symbiosis While there is considerable complexity to these inter-
actions (e.g., Brune and Friedrich, 2000), at least in part they involve gut microbes
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fermenting various ingested material anaerobically into reduced carbon molecules
that can be taken up by the host and utilized by mitochondria. Thus, these sorts of
symbioses appear to be merely a step in the digestion of food. As elaborated below,
chemiosmosis does not drive the association, nor can it reasonably be expected to
mediate conflicts. Conflict may be mediated by digestion or excretion of a microbial
community that likely includes a heavy burden of defectors.

9.7 Discussion

The biophysics of chemiosmosis, whether of a presumptive host or symbiont, can
favor dispersing excess product into the environment. Quantum electron transfer and
super-complex formation drive chemiosmotic processes at extremely high rates,
rapidly producing large quantities of products. While chemiosmosis can be modu-
lated by several mechanisms, releasing excess product provides an alternative means
to protect against end-product inhibition and a buildup of dangerous by-products
such as reactive oxygen species. This “no-cost” sharing—the free lunch you are
forced to make—facilitates interspecific groups, and such groups can lead to coop-
erative symbioses. Even after such groups have formed, however, cooperators are
always vulnerable to exploitation by defectors, so additional mechanisms of conflict
mediation are usually necessary. Under some, but not all, circumstances,
chemiosmosis may further mediate the conflict.

The examples briefly summarized above can be used to delineate the likely
circumstances under which chemiosmosis can both initiate associations and subse-
quently provide additional conflict mediation. For instance, in the case of the
termite–flagellate symbiosis, and perhaps other gut microbiota, circumstances
seem to be unlikely to encourage either form of cooperation. Consider a group of
flagellates inhabiting a termite gut. Assuming these protists anaerobically ferment
complex polysaccharides and emit small carbon molecules as waste, the flagellate
group as a whole may accrue some increased rates of reaction by the host termite
taking up their carbon waste. The group of flagellates also clearly benefits from the
termite providing a habitat. Meanwhile, the aerobic termite respires the waste
emitted by the flagellates. Essentially, cooperation emerges because of anaerobic–
aerobic complementation, rather than chemiosmosis. Furthermore, the selection
favoring flagellate cooperation is at the group level, and group size is likely quite
large, so this selection is expected to be weak compared to individual selection.
Thus, while one of the partners in this symbiosis uses chemiosmosis to process the
substrate shared by the anaerobic symbionts, this does not meet the criteria outlined
above for cooperation to blossom. In other words, the chemiosmotic partner is not
dispersing product into the environment and thus incentivizing cooperation. Fur-
thermore, since the lower-level units are not chemiosmotic, they are not at a
particularly high risk from the side effects of product inhibition. Indeed, gut
microbiomes, in general, may be highly vulnerable to defectors, e.g., lower-level
individuals that release toxins to gain a competitive advantage, with consequent
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negative effects on the higher-level unit, that is, the entire group of symbionts and
the host. The host may mediate this conflict simply by digesting or excreting
symbionts and periodically repopulating the gut.

More likely to foster long-term cooperation are those symbioses in which chemi-
osmotic products are dispersed into the environment, although there are differences
here as well. Some plants disperse reduced carbon photosynthate to soil bacteria and
insects. In the former case, some bacteria engage in a mutualistic symbiosis by
providing the plant with fixed nitrogen. Nevertheless, there may be dramatic differ-
ences in scale between the plants and the microbes that inhabit root nodules. When
conditions are favorable for photosynthesis, a macroscopic plant likely produces far
more photosynthate than these microbes can utilize. Thus, these microbes may
represent a relatively small sink for the plant’s reduced carbon. Perhaps more
consequential are potentially parasitic sap-feeding insects. If these insects signifi-
cantly diminish the surfeit of photosynthate experienced at times by the plant, they
are perhaps less parasitic than might otherwise be expected. Meanwhile, the insects
can provision their symbiotic bacteria and obtain essential nutrients at little cost.
Despite parallels in genome reduction, it would be misleading to characterize these
symbiotic bacteria as analogous to common eukaryotic organelles. As discussed
below, chemiosmosis is perhaps the key feature of the latter. The symbiotic bacteria
of sap-feeding insects, on the other hand, would seem to be more similar to the
nitrogen-fixing bacteria of some plants.

The symbiosis between plants and arbuscular mycorrhizal fungi may the most
consequential of the plant-based relationships. Not only do plants receive consider-
able provisioning from the fungal partner but also they reciprocate with up to
one-quarter of their photosynthetic products (Wipf et al. 2019). Likely, the benefit
to the plant partner increases with available light (Johnson et al. 1997). Possibly, at
high light levels the plant avoids end-product inhibition of chemiosmosis by dis-
persing large quantities of photosynthate at little cost. Indeed, under circumstances
favorable to photosynthesis, plants that do not share reduced carbon may inflict a
cost on themselves.

In lichens, chemiosmosis may well have driven the initial symbiosis. Photosyn-
thetic microbes may have released excess reduced carbon into the soil to avoid
end-product inhibition and maintain redox balance. Fungi took up this substrate and
evolved to “farm” these microbes, providing them with water, inorganic nutrients,
and shelter. Given the biophysics of chemiosmosis, these benefits were obtained at
little cost to the symbionts. Sharing, in this case, seems to be passive via a
permeabilized cell wall. Defectors, however, could perhaps evolve a more special-
ized cell wall, capable of taking up water and inorganic nutrients but limiting the
release of the products of photosynthesis. If such defectors could replicate freely,
they might endanger the mutualistic symbiosis. The fungal partner could mediate
this conflict by perhaps evolving ways to re-permeabilize the cell walls of defectors
or by limiting the replication of all symbionts, in which case end-product inhibition
would punish defectors.

Limitation of replication seems to be a key feature of marine animal symbioses
with representatives of the Symbiodiniaceae. As with lichens, the symbionts are
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photosynthetic and may have dispersed excess reduced carbon into the environment
to escape end-product inhibition. As associations with animals formed, some sym-
bionts may have experienced loss-of-function mutations, limiting the active export
of substrate. If these defectors could replicate freely, the mutualistic symbiosis
would collapse. At least in the corals, it appears that replication of the symbionts
is inhibited. Furthermore, they are housed intracellularly, so if the export of photo-
synthate is limited, reactive oxygen species triggered by end-product inhibition lead
to programmed death of the host cell. In this way, chemiosmotic mechanisms can
lead not only to the formation of symbiosis but also to the mediation of evolutionary
conflicts that subsequently arise.

With this background, the success of chemiosmotic bacteria in the origin of
eukaryotes can be better understood. Indeed, the two most successful symbioses in
the history of life involved the chemiosmotic bacteria that became the mitochondrion
and the chloroplast. The origin of the mitochondrion remains shrouded in mystery,
but the evidence suggests that it occurred concomitantly with the origin of eukary-
otes (Lane 2015; Martin et al. 2015). Initially, free-living proto-mitochondria may
have passively released high-energy phosphate compounds such as pyrophosphate,
perhaps in this way paralleling the photosynthetic symbionts involved in lichen
symbioses. By doing so, end-product inhibition was avoided, and redox homeostasis
maintained. Furthermore, such largesse may have led to the formation of groups of
microbes, perhaps including those that became the host in the partnership that led to
eukaryotes. The initial symbiosis may have been based on an exchange of high-
energy and low-energy phosphate compounds (Fig. 9.4a). As the eukaryotic cell
developed, ADP–ATP carriers evolved, perhaps initially acting as uncouplers to
dissipate excess membrane potential (Bertholet et al. 2019). Similarly, when
exchanging ATP for ADP, these carriers simulate metabolic demand and alleviate
end-product inhibition (Radzvilavicius and Blackstone 2018). Again, while the
origin of mitochondria and eukaryotes is an ancient event in the history of life, it
is plausible that chemiosmosis had a two-fold impact: triggering the formation of
groups that led to a structured population as well as mediating conflict in favor of
cooperators once defectors arose in these groups.

The events surrounding the origin chloroplasts are somewhat clearer, particularly
in view of the recent reconstruction of ancestral character states (e.g., Sánchez-
Baracaldo et al. 2017). Much like lichens or dinoflagellate–animal symbioses, the
original symbiosis likely involved the exchange of reduced and oxidized carbon
(Fig. 9.4b). Chemiosmosis may have driven the association between early eukary-
otes and cyanobacteria. As the symbiosis evolved, mutations that inactivated the
export of reduced carbon from chloroplasts may have led to defectors. Coupled with
limitations on replication, end-product inhibition, and ROS formation may have
punished defectors and enforced cooperation. The secondary symbioses between
eukaryotes that primitively possessed chloroplasts and those that lacked them may
have proceeded similarly.

Chemiosmosis may thus have had a powerful impact on the two most conse-
quential symbioses in the history of life. It may also impact many modern symbioses
particularly those that parallel the origin of mitochondria and chloroplasts:
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chemiosmotic symbionts releasing products to maintain redox homeostasis, thus
leading to the formation of groups, and as the symbiosis develops, chemiosmosis
being co-opted into further mediating evolutionary conflict. While there are many
modern eukaryotic symbioses in which one partner is chemiosmotic, many of these
do not fit this paradigm, although some do. The powerful effects of chemiosmosis
should likely be considered when drawing evolutionary parallels between modern
symbioses and events that occurred earlier in the history of life.
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Chapter 10
Symbiotic Origin of Apoptosis

Szymon Kaczanowski

Abstract The progress of evolutionary biology has revealed that symbiosis played
a basic role in the evolution of complex eukaryotic organisms, including humans.
Mitochondria are actually simplified endosymbiotic bacteria currently playing the
role of cellular organelles. Mitochondrial domestication occurred at the very begin-
ning of eukaryotic evolution. Mitochondria have two different basic functions: they
produce energy using oxidative respiration, and they initiate different forms of
apoptotic programmed/regulated cell death. Apoptotic programmed cell death may
have different cytological forms. Mechanisms of apoptotic programmed cell death
exist even in the unicellular organisms, and they play a basic role in the development
of complex multicellular organisms, such as fungi, green plants, and animals.
Multicellularity was independently established many times among eukaryotes.
There are indications that apoptotic programmed cell death is a trait required for
the establishment of multicellularity. Regulated cell death is initiated by many
different parallel biochemical pathways. It is generally accepted that apoptosis
evolved during mitochondrial domestication. However, there are different hypothet-
ical models of the origin of apoptosis. The phylogenetic studies of my group indicate
that apoptosis probably evolved during an evolutionary arms race between host
ancestral eukaryotic predators and ancestral prey mitochondria (named
protomitochondria). Protomitochondrial prey produced many different toxins as a
defense against predators. From these toxins evolved extant apoptotic factors. There
are indications that aerobic respiration and apoptosis co-evolved and are functionally
linked in extant organisms. Perturbations of apoptosis and oxidative respiration are
frequently observed during neoplastic transition. Our group showed that perturba-
tions of apoptosis in yeasts also cause perturbations of oxidative respiration.
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10.1 Introduction

Supported by a great deal of evidence, the endosymbiotic theory of the origin of
mitochondria (and chloroplasts) suggests that mitochondria are actually simplified
endosymbiotic bacteria. Mitochondria are organelles in which oxidative respiration
and mitochondrial domestication occurred at the very beginning of the evolution of
eukaryotes. Regulated (or programmed) cell death has been described in the majority
of eukaryotic organisms. Regulated cell death is most likely required for the estab-
lishment of multicellularity. In most eukaryotes, mitochondria are central players in
both cell death and cellular respiration. There are many eukaryotic parallel cell death
pathways, which are usually initiated by mitochondrial factors (or at least factors
having mitochondrial origins). Traditionally, animal-regulated cell death is called
apoptosis, but mechanisms applied by other eukaryotic organisms are very similar.
Such mechanisms include mitochondrial membrane permeability transition, the
release of mitochondrial factors, and the activation of apoptotic proteases and
DNases. The endosymbiotic theory of apoptosis origin was first postulated by
Guido Kroemer. Different hypotheses have been proposed to explain how apoptosis
evolved during mitochondrial domestication. Kroemer’s original hypothesis sug-
gests that ancestral apoptotic cell death was based on addiction modules (toxin-
antitoxin systems) similar to those described in plasmid-bacteria interactions. Patrick
Fitzgerald and Douglas Green hypothesized that animal apoptosis evolved indepen-
dently from other forms of regulated cell death and that the main animal apoptotic
protease caspase was some kind of immune factor possessed by ancestral eukaryotic
host cells. Our group suggests that many different apoptotic mechanisms evolved as
a result of either antagonistic host-parasite or predator-prey interactions between
ancestral mitochondrial bacteria (protomitochondria) and ancestral hosts
(protoeukaryotes). This led to an evolutionary arms race. According to our model,
there was a selection pressure favoring protomitochondria producing as many toxins
as possible and protoeukaryotic cells producing as many antitoxins as possible. In
contrast to Green’s model, we suggest that caspase has a protomitochondrial origin.
Our phylogenetic studies provide evidence from which we postulate that the model
of the evolution of apoptosis is correct. Theoretical predictions of the mathematical
model of Nigel Goldenfeld indicate that an evolutionary arms race leads to com-
plexity. The evolution of the complexity of apoptotic mechanisms follows these
predictions. The endosymbiotic theory of apoptosis origin suggests that there was a
co-evolution between aerobic respiration, regulated cell death, and multicellularity.
There are various indications that such co-evolution exists in extant organisms. We
tested this hypothesis using the yeast Saccharomyces cerevisiae as a model organ-
ism. In this chapter, I demonstrate why evolutionary history explains the subtle
impact of oxidative respiration on apoptosis. For example, during neoplastic trans-
formation, perturbation of the activity of cancer-suppressing apoptotic machinery
co-occurs with perturbations of aerobic respiration. This observation is called the
Warburg hypothesis of cancer origin. In contrast, pathological apoptosis during
age-related diseases, such as Alzheimer’s and Parkinson’s, occurs mainly in neuron
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cells, where oxidative respiration is particularly active (an observation called the
“inverse Warburg hypothesis”).

10.2 The Endosymbiotic Origin of Multicellular Eukaryotic
Organisms

Multicellular organisms are extremely diverse and include animals, green plants,
slime molds, and different types of fungi. The progress of evolutionary biology has
revealed that multicellularity was established independently at least 25 times
(Parfrey and Lahr 2013; Abedin and King 2010; Rokas 2008). In cases of unicellular
model lab organisms, the evolutionary transition of yeast from a unicellular to a
primordial form of multicellularity or vice versa has been observed frequently during
different experiments (Ratcliff et al. 2012; Hope et al. 2017; Soares 2011)
(Fig. 10.1).

Although multicellular organisms are extremely diverse, they belong almost
exclusively to one systematic group: eukaryotes (Celiker and Gore 2013; Abedin
and King 2010; Parfrey and Lahr 2013; Rokas 2008). This observation suggests that
eukaryotes have particular traits that are crucial for the development of
multicellularity. In this chapter, I will argue that the domestication of mitochondria

Fig. 10.1 Endosymbiotic theory and the evolution of multicellularity. Mitochondrial and chloro-
plast domestication lead to the establishment of eukaryotic cells. The multicellularity of eukaryotes
has been independently established many times in results involving extremely diverse extant
creatures, such as animals, plants, and fungi
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and the development of regulated mitochondrial cell death were the preconditions
required for the development of multicellularity.

Eukaryotic cells are much more complex than bacterial or archaeal cells (see as a
review (O’Connor 2010)). They contain organelles, which are regions of cells that
perform different functions. Some are isolated by cellular membranes. Such com-
partments create different environments for different chemical reactions. They
resemble lab tubes in which different chemical reactions occur. As a result, different
compartments play different roles in cellular metabolism.

Certain organelles have their own independent DNA, namely, plastids and
mitochondria. Plastids are organelles that usually carry out photosynthesis, and
they usually contain chlorophyll, the crucial pigment for photosynthesis. They are
present in the cells of green plants and green algae. Interestingly, malarial parasites,
called Plasmodium, originated from unicellular photosynthetic organisms and they
contain their own type of plastids called apicoplasts (Moore et al. 2008). Mitochon-
dria are organelles in which oxidative respiration took place. Almost all eukaryotic
organisms contain mitochondria, and it is widely accepted that the ancestor of
eukaryotes (protoeukaryotes) contained them. It is worth mentioning that there are
amitochondrial eukaryotes that lost their mitochondria, such as Giardia (Tovar et al.
2003).

The observation that mitochondria and plastids have their own autonomous DNA
was the basis of the theory of symbiogenesis or the endosymbiotic theory of
eukaryotic origin. This theory was first formulated by Russian botanist Konstantin
Mereschkowski (before the discovery of the function of DNA) using only micro-
scopic observations, and it was presented in its current form by Lynn Margulis
(Margulis 1993; Kutschera 2009). According to this theory, mitochondria and
plastids are endosymbiotic bacteria. One of the putative possibilities is that the
ancestor of eukaryotes was a unicellular predator and bacteria were prey.

Some survived in the body of this predator and, after a million years of evolution,
changed into symbiotic organisms: extant plastids and mitochondria. Another puta-
tive possibility is that these bacteria were parasites, and current friendly symbiotic
organisms evolved from these parasites (O’Connor 2010).

According to this model, only bacteria were using aerobic respiration. In contrast,
the ancestral eukaryotic predator was using anaerobic respiration. Due to endosym-
biosis evolved the extant complexity of eukaryotic metabolism.

Currently, this theory is generally accepted and supported by a variety of evi-
dence. For example, advances in phylogenetics revealed that mitochondria and
plastids are closely related to bacteria and that host cells probably originated from
another kind of unicellular organism known as archaea (Kutschera 2009). The most
convenient evidence is probably the circular bacterial structure of organellar DNA
(O’Connor 2010).

In conclusion, eukaryotes are organisms that are able to establish multicellularity.
They have a complex compartmental cellular structure. It is likely that the ancestors
of eukaryotes, called protoeukaryotes, were mitochondrial cells. Mitochondria are
domesticated endosymbiotic bacteria.
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The question arises whether the domestication of mitochondria was a crucial
event preceding the evolution of multicellularity. I will argue later in this chapter that
the answer is yes because mitochondria fulfill a key function in the eukaryotic
regulation of cell death, which performs a crucial function in multicellular
organisms.

10.3 Regulated Cell Death Plays a Crucial Role
in Establishing Multicellularity

The evolution of multicellularity is an example of kin selection. Kin selection is an
altruistic evolutionary strategy. Individuals support their relatives even at the cost of
their own reproduction. The mathematical theory describing kin selection was
developed in the seminal work of Hamilton (1964a, b).

Social insects, such as ants and honeybees, provide a good example of kin
selection. Colonies of such insects are divided unambiguously into different castes.
The majority of individuals are sterile and sacrifice their reproductive success.
Queens have exclusive reproductive privileges.

As was pointed out in a very recent review of Durand (2019), multicellular
organisms are to some extent similar to colonies of such insects. They were
established during evolution as colonies, and only some of the cells were capable
of reproducing. According to Durand’s model, one such altruistic behavior observed
among cells of multicellular organisms is regulated cell death.

Regulated cell death (also called programmed cell death [PCD]) was first
described in animals. Classical studies were performed using C. elegans worms as
experimental models. It turns out that these organisms have a very particular and
extraordinary feature. An adult worm has predetermined number of cells: an adult
hermaphrodite has 959 cells, and an adult male has 1031 cells (Sulston and Horvitz
1977; Sulston et al. 1983). Sulston and Horvitz (Sulston and Horvitz 1977) described
the developmental fate of every single cell of C. elegans (Sulston and Horvitz 1977).
They made a “family tree” of each cell and observed that some of the cells die during
development. In the case of hermaphrodites, during the generation of the 959 cells of
adult hermaphrodites, 131 cells die. Cell death occurs in determined places of the
developmental family tree of cells. This is a clear proof that animal cell death can be
regulated (or programmed). In animals, apoptosis is involved in development (for
example, in neuron systems) and maintaining homeostasis. In animals, it has also
been shown that regulated cell death is a primary mechanism involved in tumor
suppression. Cellular changes involved in neoplastic transformation induce regu-
lated cell death. Suppression of apoptosis is one of the main hallmarks of cancer (see
as a review (Kaczanowski 2016)). Regulated cell death is present even in the most
primordial animal organisms, Cnidarians, and plays a crucial role in the establish-
ment of germ layers (Seipp et al. 2006; Seipp et al. 2001).
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Regulated cell death has also been described in non-animal multicellular organ-
isms. For example, in green plants, regulated cell death has been described in root
development (Drew et al. 2000) and pollen development (Van Durme and Nowack
2016) (see as a review (Fedak et al. 2016)). Regulated cell death has also been
described in slime molds, which have a very remote relationship both with animals
and plants. During the development of multicellular fruiting bodies, a stalk is
generated and stalk cells die in massive numbers (Roisin-Bouffay et al. 2004;
Whittingham and Raper 1960).

Regulated cell death has also been described in cases of unicellular organisms. It
often plays a role in the regulation of cell density. One of the best examples of such a
function is described in Trypanosoma, a parasite that causes a disease called sleeping
sickness (Duszenko et al. 2006). One of the developmental stages of this parasite is
called “stumpy cells.” Stumpy cells produce prostaglandin D2 (PGD2), which is a
putative immune suppressor of the host. It has been shown that this molecule also
induces the cell death of parasites. It is likely a kind of “altruistic suicide.” Decreas-
ing the cell density prolongs the life of the host. Therefore, parasites have an
opportunity to infect other hosts. It is beneficial from the point of view of the entire
population, but from the perspective of the dying cells, that it is an altruistic suicide
(Duszenko et al. 2006; Figarella et al. 2005). This strategy likely evolved because of
kin selection, which is possible as parasites are related. Regulated cell death was also
observed in the malarial parasite Plasmodium during the infection of mosquitos
(Arambage et al. 2009).

The involvement of regulated cell death in the regulation of population size has
also been described in cases of free-living organisms. For example, a bloom of the
dinoflagellate Peridinium gatunense is observed each year in Lake Kinneret (or the
Sea of Galilee). After this bloom, the cells rapidly die and there are indications
suggesting that this is regulated cell death (Vardi et al. 1999).

The “public goods” hypothesis provides another plausible explanation for why
altruistic suicide is beneficial. According to this hypothesis, “public goods” are
cellular contents released by dying cells. These contents are used by surviving
neighbors. The hypothesis was experimentally tested by Durand’s groups using
the green algae Chlamydomonas as a model (Durand et al. 2014). They demon-
strated that the contents liberated during non-programmed cell death are detrimental
to other cells, whereas the contents released during apoptotic-like programmed cell
death are beneficial. Later, they also demonstrated that this beneficial effect of the
liberated contents during programmed cell death is species-specific. They showed
that PCD has an inhibitory effect on the growth of other competing species of
Chlamydomonas.

In fact, regulated cell death has been described in the majority of unicellular
eukaryotes and even in bacteria (Kaczanowski 2016; Erental et al. 2012).

In conclusion, eukaryotic cells are able to establish and evolve altruistic traits,
such as cell death and multicellularity. Cell death is likely a mechanism required for
the evolution of complex multicellular systems. The fact that regulated cell death is
widely spread among eukaryotes provokes a question: is the mechanism of cell death
required for the establishment of multicellularity?
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This hypothesis was experimentally tested using the yeast model organism
S. cerevisiae. Multicellularity can be easily selected in this organism. As previously
mentioned, in nature, yeast strains are often flocculating and establishing primordial
multicellular organisms (Soares 2011). It has been shown using experimental evo-
lution that higher rates of cell death occur in such multicellular strains. There are
indications suggesting that this is regulated cell death (Ratcliff et al. 2012).

In conclusion, regulated cell death is widely spread among eukaryotes and it is
likely that the existence of such a mechanism is a precondition for the evolution of
multicellularity. It is tempting to hypothesize that basic mechanisms of regulated cell
death appeared in common ancestors of eukaryotes during the domestication of
mitochondria. However, as previously mentioned, such mechanisms are also present
in bacteria. There are also unicellular eukaryotic organisms that lost mitochondria. In
such amitochondrial organisms, regulated cell death has also been described
(Kaczanowski et al. 2011). Therefore, it would seem to be difficult to rule out
such mechanisms evolving as a result of convergence, which means that different
mechanisms regulating cell death evolved independently in different systematic
groups.

In the next section, we will see that different mechanisms are applied in the
regulation of eukaryotic cell death. However, all of these mechanisms are usually
associated with mitochondria. Of course, amitochondrial organisms are an
exception.

10.4 Cytology of Eukaryotic Cell Death: Apoptosis,
Programmed Necrosis, and Programmed Autophagy
Cell Death

Cell death, particularly regulated cell death, may have very different cytological
features.

The pioneering paper by Schweichel and Merker described three different types
of cell death that occur in rat embryos: Type I cell death was associated with the
removal of well-preserved cellular remnants by other cells (“eating of another”).
Type II cell death was associated with autophagy (“eating of itself”), and type III cell
death did not involve digestion by any cell (Schweichel and Merker 1973).

Today, these types of cell death are called apoptosis, autophagic cell death, and
necrosis (Vanden Berghe et al. 2014). Regulated cell death could include all of these
forms of cell death (Fig. 10.2).

Apoptosis is an exclusively regulated form of cell death limited to animals. It is
also the main form of animal regulated/programmed cell death. Apoptosis was first
described by Kerr in 1972 (Kerr et al. 1972). Apoptosis can be easily distinguished
from other forms of cell death using cytological and biochemical hallmarks. Apo-
ptosis is initiated by mitochondrial membrane permeability transition, which is
characterized by the breakdown of the inner mitochondrial transmembrane potential.

10 Symbiotic Origin of Apoptosis 259



The next stage is characterized by self-degradation of the nucleus. In this stage,
chromatin condensation and nuclear fragmentation occur. Then, the cell breaks into
membrane-covered, ultrastructural, well-preserved fragments that are ingested by
macrophages, which prevents the induction of inflammation. This kind of cell death
has been observed in seminal studies about the regulated/programmed cell death of
C. elegans (Robertson and Thomson 1982). Later, this form of regulated cell death
was described many times in animals. Apoptosis is evidently regulated; there are
initiation and chronology of events. Mutations causing the perturbation of different
stages of apoptosis were first described in pioneering papers about the apoptosis of
C. elegans (Hedgecock et al. 1983). It later turned out that apoptosis is also a tumor
suppressor mechanism (Steller 1995). Cytological studies are widely used for the
detection of apoptotic cell death in animals. As a result, the widely accepted
definition of apoptosis is that it is programmed cell death, and both terms are used
interchangeably. As we see below, this definition can be misleading, as even in the
case of animals, there are other cytological forms of regulated cell death. Although
apoptosis is exclusive to animals, cell death of other eukaryotes usually has different
hallmarks of apoptosis, including self-degradation of DNA, activation of DNA
proteases, and mitochondrial membrane permeability transition. This is why this
kind of cell death is often referred to as apoptosis or apoptosis-like cell death. These
hallmarks of apoptosis were observed, for example, during regulated cell death in
yeast (S. cerevisiae), slime molds (Dictyostelium discoideum), green plants, the
malaria parasite Plasmodium, trypanosomes, higher plants, and green algae
(Kaczanowski 2016) (Fig. 10.3).

Autophagy is a process of self-cannibalism. During autophagy, portions of the
cytoplasm are sequestered within double- or multi-membraned vesicles

Fig. 10.2 Apoptosis. On the left: a normal cell before apoptosis initiation. In the middle: a dying
cell. There is chromatin condensation. The cell shrinks. Fragmentation of the nucleus starts. On the
right: the nucleus is fragmented. The cell breaks into membrane-covered, well-preserved fragments
(apoptotic bodies) that are ingested by macrophages, which prevents the induction of inflammation
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(autophagosomes), delivered to lysosomes, and degraded (Doherty and Baehrecke
2018). In unicellular organisms, autophagy is a mechanism of energy production
during nutrient deprivation. In animals, autophagy is also involved in maintaining
cellular homeostasis (Rubinsztein et al. 2011). It is also involved in removing toxic
protein aggregates and selectively dysfunctional mitochondria. Indeed, in animals,
autophagy can also lead to the selective elimination of pro-apoptotic mechanisms
such as apoptotic factors and apoptosis-inducing mitochondria. As a result,
autophagy often inhibits the initiation of cell death in animals. There are many
cases when the balance between autophagy and apoptosis determines cell death
(Mariño et al. 2014).

However, autophagy may also lead to cell death, for example, during starvation.
This kind of cell death is accidental. However, in many cases, it has been shown that
this is programmed cell death. Even in cases of animals, where apoptosis is the main
form of programmed cell death, there are well-described programmed autophagic
cell deaths. In Drosophila, it is a developmental mechanism involved in the destruc-
tion of larval salivary glands as well as in the death of the larval midgut cells of the
intestine (Baehrecke 2003). Autophagic cell death has also been observed in cerebral
hypoxia–ischemia-induced neuron death (Carloni et al. 2008) in mice and neuronal
death in the thalamus following focal cerebral infarction in rats (Zhang et al. 2012),
although in this case, it is not clear to what extent this is a programmed cell death. In
non-animal eukaryotes, regulated cell death often has different hallmarks of
autophagy. This form of regulated cell death has been described in very diverse
taxonomic groups, for example, in the slime molds of Dictyostelium

Fig. 10.3 Autophagic cell death. On the left: a normal cell. In the middle: a cell after the initiation
of autophagy. During autophagy, fragments of the cytoplasm containing organelles are sequestered
within double- or multimembraned vesicles (autophagosomes) and degraded to amino acids by
proteases delivered by lysosomes. Autophagosomes and lysosomes are marked in blue. The
degraded material is absorbed and reused. On the right: self-cannibalism leads to cellular death.
Even the nucleus is degraded. During autophagic cell death, cellular organelles are degraded in
autophagosomes (marked in blue)
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(Roisin-Bouffay et al. 2004), green plants (Minina et al. 2013, 2014), and during
selective nuclear degradation in the unicellular ciliates of Tetrahymena (Osada et al.
2014; Liu and Yao 2012) (called programmed nuclear death) (Fig. 10.4).

Regulated cell death in animals could also take the form of necrosis (Vanden
Berghe et al. 2014) (Fig 10.5). It is involved in development (e.g., the death of
chondrocytes during the development of bones as well as adult tissue homeostasis,
such as in intestinal epithelial cells) (Vanden Berghe et al. 2014; Golstein and
Kroemer 2007). In non-animal organisms, dying cells do not breaks into
membrane-covered, ultrastructural, well-preserved fragments.

Additionally, there are well-described examples of the regulated cell death of
unicellular organisms without obvious hallmarks of autophagy (e.g., the regulated
cell death of yeasts) (Carmona-Gutierrez et al. 2018). In both animal and non-animal
“regulated necrosis,” there are frequently observed hallmarks of apoptosis associated
with mitochondria, such as the release of mitochondrial apoptotic factors and
membrane permeability transition.

In conclusion, eukaryotic regulated cell death can take different forms: apoptosis,
autophagic cell death, and necrosis. In non-animal organisms, regulated cell death
usually has the hallmarks of different combinations of these three basic types of
animal cell death. In all eukaryotes, regulated cell death is usually initiated by
mitochondrial permeability transition and the release of mitochondrial apoptotic
factors.

In the next section, we will see that many biochemical pathways initiate cell
death. However, again, these pathways are usually associated with mitochondria.

Fig. 10.4 Programmed nuclear death: selective degradation of the nucleus in Tetrahymena. The
nucleus is green, the autophagosomes and lysosomes are blue, and the mitochondria are pink. On
the left: nucleus (green) before cell death. In the middle: large autophagosome (blue) is formed. It
contains nucleus and mitochondria that have apoptotic hallmarks (e.g., lost their membrane
potential). It is surrounded by lysosomes that deliver proteases. On the right: degraded nucleus
and mitochondria before absorption
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10.5 Biochemical Pathways of Programmed Cell Death

Mitochondrial permeability membrane transition is a central event in programmed
cell death characterized by the breakdown of the inner mitochondrial transmembrane
potential (Marchetti et al. 1996). This hallmark of apoptotic cell death has been
described in organisms belonging to different systematic groups, including animals
(Marchetti et al. 1996; Bender et al. 2012), plants (Curtis and Wolpert 2002), yeasts
(Carraro and Bernardi 2016), malaria parasites (Hurd et al. 2006), trypanosomes, and
slime molds (Arnoult et al. 2001).

It has been shown that mitochondrial permeability transition is induced by high
concentrations of mitochondrial Ca2+ ([Ca2+]m) and to be inhibited by Mg2+ and
adenosine diphosphate (ADP) (Carraro and Bernardi 2016; Bonora and Pinton
2014). Leaking of mitochondrial apoptotic factors is caused by the formation of
the mitochondrial permeability transition (mPT) pore. The mPT pores are
megachannels of the inner mitochondrial membrane, with a diameter of 2–3 nm,
exhibiting a non-selective conductance of 1–1.3 nm. Still, it is not clear what the
structural elements of the pore are. Although there is a controversial hypothesis that
animal mPT pores are formed by subunits of the ATP synthase complex (Bernardi
2013; Chinopoulos 2018), results of different studies provide contradicting indica-
tions (Walker et al. 2020). Mitochondrial permeability transition activates both
cytoplasmatic and mitochondrial apoptotic factors. The mechanism of activation of
mitochondrial apoptotic factors is caused by the release of apoptotic factors seques-
trated in mitochondria, such as AIF, cytochrome C, or ENDOG (Bonora and Pinton
2014).

Fig. 10.5 Necrotic cell death. On the left: a normal cell. In the middle: necrosis is initiated. The cell
swells. On the right: a membrane rupture. Necrotic cell releases its contents, which are not covered
by membranes. In animals, the leaking of the cellular content causes inflammation
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The main ancient “apoptotic” pathways are listed below (Fig 10.6).

10.5.1 Protease Dependent Pathways

Proteases are enzymes that cleave proteins. They have a substrate specificity (i.e., a
given protease cuts a given protein). Apoptotic proteases induce cellular suicide
(regulated cell death).

10.5.1.1 Caspase-Dependent Pathway

Historically, the main animal caspase pathway was the first described apoptotic
pathway, using C. elegans as a model organism.

Caspase is an apoptotic cystic aspartic protease. Caspases are involved in the
regulation of apoptosis, inflammation, and cellular differentiation (Chowdhury et al.

Fig. 10.6 Different factors initiate apoptosis: proteases (scissors), DNases (saws), AIFs (Apoptosis
Induction Factors) (axes), and cytochrome C (ball). The more complex caspase (apoptotic cystic
aspartic proteases) pathways contain caspase cascades. Initiator caspases activate executioner
caspases. Initiator caspases are parts of multiprotein complexes DISC and apoptosome. Proteases
HTRA (high-temperature requirement A family) induce apoptosis through the degradation of the
apoptosis inhibitors type BIR (Baculovirus Inhibitor of Apoptosis protein repeat). DNases are
enzymes that destroy nuclear DNA. AIFs after translocation from mitochondria to the nucleus
induce the self-degradation of DNA
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2008). Phylogenetic studies have revealed that members of this family are encoded
by genomes of Reticulomyxa (remotely related to animals, the unicellular eukaryotes
foraminifera) and bacteria (Klim et al. 2018). In animals, one can distinguish two
types of caspases: inflammatory and apoptotic. The activation of these enzymes is
tightly controlled by their production as inactive zymogens that gain catalytic
activity following signaling events promoting their aggregation into dimers or
macromolecular complexes (Chowdhury et al. 2008).

As was already mentioned, the apoptotic function of caspases was discovered
using C. elegans as a model. In this model, the caspase network is extremely
simplified.

Using classic genetics, cell death abnormal (CED) mutations were identified
(Ellis and Horvitz 1986). It turns out that proteins with this mutation are involved
in caspase-dependent apoptosis. One of them, CED-3, is a caspase (Yuan et al.
1993). This protein is activated by CED-4 (Chen et al. 2000). Both proteins form an
apoptosome complex (Chen et al. 2000; Qi et al. 2010). Cells can survive if CED-4 is
inactivated. One of the mechanisms of the inactivation of CED-4 is its sequestration
at the outer mitochondrial membrane by direct binding with the CED-9 protein
(Hengartner and Horvitz 1994; Chen et al. 2000). In flies, the apoptosome has a
similar structure (Dorstyn and Kumar 2006). In mammals, the apoptosome contains
the cytochrome mitochondrial respiratory protein cytochrome C. There are indica-
tions that cytochrome C is part of the apoptosome in different animal systematic
groups (Bender et al. 2012). This observation suggests that in its ancestral state, the
apoptosome also contained cytochrome C.

The proteolytic cleavage of caspase substrates induces apoptosis. For example,
mammalian activation of caspase-activated deoxyribonuclease (CAD) is caused by
its inhibitor (ICAD) (Sakahira et al. 1998). Then, CAD performs the self-degradation
of DNA.

As was already mentioned, the caspase pathway of C. elegans is extremely
simplified. In other animals, there are caspase cascades containing different types
of caspases. In such pathways, caspases of one kind activate caspases of another
type. In mammals, apoptosomes activate executioner caspases that execute cellular
death. It is a part of the pathway in which cell death is initiated by mitochondria. This
pathway is named the intrinsic pathway.

Additionally, in mammals, there is an extrinsic pathway (for a review, see
(D’Arcy 2019)). In this pathway, apoptosis is initiated not by mitochondria but by
extracellular signals (death ligands) and death receptors. Death receptors belong to
the tumor necrosis factor receptor (TNFR) family. Death ligands activate death
receptors. Activated death receptors form a death-inducing signal complex (DISC)
containing other proteins and initiator caspases. It is worth mentioning that initiator
caspases involved in the extrinsic pathway are encoded by different genes than
initiator caspases involved in the “mitochondrial” intrinsic pathway. As a result,
initiator caspases activate executioner caspases and again executioner caspases cause
cell death. This is an extremely simplified picture of the complex mammalian
caspase network.
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The caspase pathway usually leads to a classic cytological form of apoptosis but
may also induce autophagic cell death (Doherty and Baehrecke 2018) and necrotic
cell death (Vanden Berghe et al. 2014; Meurette et al. 2007).

10.5.1.2 Metacaspase-Dependent Pathway

Metacaspase (non-animal apoptotic lysine/arginine specific protease) is the main
non-animal protease. This protease is remotely related to caspase and has different
specificity. It has been shown that this protein initiates regulated cell death in yeasts
(Silva et al. 2005), plants (Minina et al. 2013), and unicellular parasitic protists
(Meslin et al. 2011). Both metacaspases and caspases proteatically cleave Tudor
staphylococcal nuclease (TNS) (Sundström et al. 2009).

10.5.1.3 OMI/HTRA Dependent Pathway

Proteases from proteins from the high-temperature requirement A (HTRA) family
induce apoptosis through the degradation of the apoptosis inhibitors type BIR
(Baculovirus Inhibitor of Apoptosis protein repeat) (such as Survivin) in both
animals and fungi (Walter et al. 2006; Suzuki et al. 2001). In animals, Survivin is
a direct inhibitor of caspase proteases (Tamm et al. 1998).

10.5.2 DNase-Dependent Pathways

DNases are enzymes that destroy nuclear DNA. The process of self-destruction of
DNA is a crucial part of apoptosis.

10.5.2.1 Endonuclease G (EndoG)-Dependent Pathway

Mitochondrial endonuclease G induces cell death via DNA degradation after trans-
location from mitochondria to the nucleus (Li et al. 2001). This pathway has been
described in different animals (Li et al. 2001; Wang et al. 2002), unicellular parasitic
protists trypanosomes and Leishmania (Gannavaram et al. 2008; Rico et al. 2009),
and the yeast S. cerevisiae (Oda et al. 2007). This pathway is activated during the
development of Parkinson’s disease by the aggregation of α-synuclein in neurons,
which leads to pathological apoptosis. Interestingly, this mechanism was described
using S. cerevisiae as a model organism. It has been shown that the expression of this
human protein induces EndoG-dependent cell death (Büttner et al. 2013).
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10.5.2.2 ZEN1 Nuclease-Dependent Pathway

The ZEN1 nuclease induces programmed cell death in plants via DNA degradation
during flower development (Ito and Fukuda 2002; Aoyagi et al. 1998). This cell
death forms in a way similar to animal autophagic cell death (Minina et al. 2014).

10.5.2.3 NUC1/DNase II-Dependent Pathway

The apoptotic function of this nuclease has been described in different animals
(Lyon et al. 2000).

10.5.2.4 TMN1 Nuclease-Dependent Pathway

The release of the TMN1mitochondrial nuclease initiates programmed nuclear death
in unicellular protists (Osada et al. 2014), as shown in Fig. 10.4.

10.5.3 AIF-Dependent Pathways

Apoptosis-inducing factors (AIFs) are mitochondrial flavoproteins. There are at least
four different types of AIFs, which diverged before the origin of eukaryotes. After
translocation to the nucleus, they induce the self-degradation of DNA.

10.5.3.1 AIFM1-Dependent Pathway

AIFM1 is one of the human AIFs. The self-degradation of DNA is initiated by the
translocation of this protein from mitochondria to the nucleus. The induction of cell
death by orthologs of this protein has been demonstrated in animals (Susin et al.
1999) and slime molds (Arnoult et al. 2001).

10.5.3.2 AIFM2 (amid)-Dependent Pathway

AIFM2 is a second human AIF. The self-degradation of DNA is again initiated by
the translocation of this factor from mitochondria to the nucleus. It binds directly to
DNA. The induction of cell death by AIFM2 has been described in animals and
yeasts (Marshall et al. 2005).
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10.5.3.3 AIFM3-Dependent Pathway

AIFM3 is an AIF containing the cell death-inducing Rieske domain, which is absent
in other AIFs (Xie et al. 2005). This pathway is also involved in inducing apoptosis
in mammals as well as the previously mentioned selective nuclear degradation in the
unicellular ciliates of Tetrahymena (Akematsu and Endoh 2010).

10.5.3.4 Yeast NDI-Dependent Pathway

This is a non-human pathway. Cell death induction by this protein has been
described in the yeast S. cerevisiae (Li et al. 2006). However, in phylogenetic
studies, orthologous factors have been identified in various other organisms, includ-
ing flowering plants, green algae, and the starlet sea anemone (Klim et al. 2018).

10.5.4 Cytochrome C-dependent Pathway

Cytochrome C is a protein that is directly involved in respiration. When it is released
from mitochondria, it activates cell death in animals and yeasts (S. cerevisiae). In
animals, it forms an apoptosome together with caspases (Zou et al. 1999; Acehan
et al. 2002). The mechanism of cell death activation by released cytochrome C in
yeasts is unknown. It is obviously different as they do not have caspases (Silva et al.
2005).

10.5.5 Execution of Cell Death

The activation of apoptotic pathways leads to the self-destruction of nuclear DNA.
The fragmentation of DNA is also a universal process observed in animals (Petit
et al. 1996), plants (Pennell and Lamb 1997), various unicellular organisms such as
yeasts (Eisler et al. 2004), malarial parasites (Hurd et al. 2006), and trypanosomes
(Welburn et al. 1996) as well as in nuclear death (Mpoke and Wolfe 1996), which
was previously mentioned.

The destruction of nuclear DNA and nuclei leads to different cytological forms of
cell death (e.g., apoptosis, autophagic cell death, necrosis, and forms that contain
hallmarks of different types of animal cell death). In the case of Tetrahymena,
nuclear death does not lead to the death of the cell and is part of the development
of this unicellular organism (Davis et al. 1992).

In conclusion, although there are many eukaryotic cell death pathways and many
forms of cell death, all of them are associated with mitochondria.
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10.6 Definition: Semantic Confusion Caused by the Term
“Apoptosis”

As explained in the previous sections, the term apoptosis is used as the name for
three very different phenomena: programmed cell death, a cytological form of
animal cell death, and cell death induced by caspases. These definitions can be
misleading and confusing. As already mentioned, programmed cell death, even in
animals, often features cytological forms of necrosis or autophagic cell death. In
animals, an apoptotic cytological form of cell death does not occur exclusively
during programmed cell death. It has been shown that pathological apoptosis leads
to diseases such as Alzheimer’s (LaFerla et al. 1995) and Parkinson’s (Mochizuki
et al. 1996). Indeed, animal cell death including a cytological form of apoptosis
could also be induced by the other pathways described above. In this chapter,
apoptosis is defined using a different, broader definition: eukaryotic cell death
associated with mitochondria.

This definition is supported by the observation that the regulated cell death of
different organisms can be induced by apoptotic factors of other organisms. For
example, the BAX protein is an animal apoptotic factor that initiates mitochondrial
permeability transition (Petit et al. 1996). Heterologous expression of this protein in
the yeast S. cerevisiae induces apoptosis (Greenhalf et al. 1996), although yeast has
no obvious homologs of the BAX protein.

10.7 Endosymbiotic Theory of the Evolutionary Origin
of Apoptosis

Early studies showed that animal apoptosis is associated with mitochondria and
mitochondrial permeability transition (Petit et al. 1996). This observation inspired
Guido Kroemer, who formulated the endosymbiotic theory of apoptosis origin
(Kroemer 1997). In the case of animals, this hypothesis has been supported by
phylogenetic analysis (Koonin and Aravind 2002). According to this hypothesis,
animal apoptosis appeared during mitochondrial domestication.

In his seminal paper, Kroemer also formulated a putative model of mitochondrial
domestication based on the “addiction molecule.” According to this model,
protomitochondria produced both toxins (apoptotic factors) and antitoxins
(antiapoptotic factors). The antitoxins were unstable and played the role of addiction
molecules much like the addiction molecules of extant phages. As a result, a
protoeukaryotic ancestral host could only survive if it was colonized by ancestral
protomitochondria. Later, toxins were transformed into extant apoptotic factors
(Fig. 10.7).

A very different model of the origin of animal caspase-based apoptosis was
recently suggested by Green and Fitzgerald (Green and Fitzgerald 2016). They
were inspired by the observation that proteins from the caspase family also play a
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role in the immune response. They assumed that apoptosis evolved as the result of an
evolutionary arms race between archaeal cells and bacterial cells. According to this
model, caspase was used by archaeal cells (protoeukaryotes) as a kind of immune
mechanism against bacteria such as protomitochondria. One of the immunological
mechanisms induced by caspases was apoptotic cell death. During infection by
bacteria, a cell died, thereby sparing its clone mates’ subsequent infection by the
replicating pathogen. Caspases also bind and recognize bacterial protomitochondrial
cytochrome C. Interactions between caspases and bacterial cytochrome C were
transformed into apoptosomes (protein complexes that activate programmed cell
death in animals) during evolution (Fig. 10.8).

Recently, our group tested the endosymbiotic hypothesis using a phylogenetic
approach and ancestral state reconstruction. In our analysis, we took advantage of
recent advances in systematics that have revealed that six to eight major eukaryotic
branches appeared very early in evolutionary history. Apoptotic types of cell death
were described in different ancient primary eukaryotic systematic groups:
Opisthokonta (fungi and animals); Amoebozoa (Dictyostelium); SAR–
Stramenopiles, Alveolates, and Rhizaria (ciliates, apicomplexan parasites, and
Reticulomyxa); Excavata (kinetoplastids, Trichomonas, Naegleria); and
Archaeplastida (plants and green algae such as Volvox). These groups diverged
very early. Therefore, it is likely that the pathway existing in two different ancient
eukaryotic systematic groups also existed in protomitochondria. For example, the
apoptotic function of the EndoG pathway has been described in Opisthokonts
(animals and yeasts), Amoebozoa (Dictyostelium), and Excavata (trypanosomes).

Fig. 10.7 Model of Guido Kroemer’s theory of apoptosis evolution. According to this model,
protomitochondria released both stable toxins and unstable antitoxins. A toxin was an “addiction”
molecule. Protoeukaryotes that killed (or lost) protomitochondria were not protected by unstable
protomitochondrial antitoxins, which were degraded. Stable toxins were active and killed
protoeukaryotes. As a result, only proto-eukaryotes containing proto-mitochondria survived and
apoptotic machinery was maintained
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One can reason that this pathway had already appeared before the divergence of
eukaryotes. We obtained additional information by using less well-described
orthologs of apoptotic factors in our analysis. For example, we identified orthologs
of caspases belonging to SAR in the genome of the unicellular organism
Reticulomyxa. This indicates that the common ancestor of SAR and animals
(protoeukaryotes) already had genome-encoding caspases. Even if the function of
caspases in Reticulomyxa is unknown, it is reasonable to hypothesize that the
caspase-dependent apoptotic pathway evolved much earlier than animals appeared.
Information about homology between different apoptotic factors and non-eukaryotic
organisms was also used in our analysis. It turns out that ancient factors inducing
apoptotic cell death are very similar to different bacterial proteins and are not similar
to archaeal proteins. For example, caspases are similar to caspase-like proteins of the
bacterium Roseibium. This observation indicates that the caspase-dependent apo-
ptotic pathway probably has bacterial/protomitochondrial origins and was used by
these bacteria for killing protoeukaryotes. According to this hypothesis, such cell
death induced by bacteria was a primordial form of apoptosis. Interestingly, similar
interactions between extant bacteria and eukaryotic cells are known (e.g., bacterial
proteases are used as toxins to induce apoptosis) (Rust et al. 2016).

Therefore, phylogenetic analysis suggests a model of the evolution of apoptosis
that is opposite to the hypothesis of Green and Fitzgerald, who assumed that
caspases were used by protoeukaryotes as an immunological anti-proto-mitochon-
drial factor (Fig. 10.9).

Using this approach, we demonstrated that it is likely that the apoptosis systems
of proto-eukaryotes contained several apoptotic factors/protomitochondrial toxins:
apoptotic DNases (ZEN1, EndoG, NUC1), caspase-type proteases, various HTRA/
OMI proteases (both fungal and mammalian types), and diverse AIFs. Therefore,

Fig. 10.8 The model developed by Douglas Green and Patrick Fitzgerald. On the left: proto-
eukaryote attacked by bacteria (such as proto-mitochondria). On the right: activation of the caspase-
dependent primordial immune system caused bacterial death and cellular suicide. Cellular suicide
protects clone mates from subsequent infection by the replicating pathogen
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diverse apoptotic pathways appeared very early during evolutionary history. We
noticed that protoeukaryotes had several apoptotic factors with redundant apoptotic
functions, including apoptotic DNases (ZEN1, EndoG, NUC1), caspase-type pro-
teases, various HTRA/OMI proteases (both fungal and mammalian types), and
diverse AIFs. During subsequent evolution, redundant factors were lost in various
lineages (for example, caspases and metacaspases, various DNases, and different
HTRA/OMI proteases). Such surprising richness of redundant apoptotic factors
present in the protomitochondrion suggests that “red queen” co-evolution may
have shaped the protomitochondrion to contain as many toxins as possible (Valen
1973).

Phylogenetic analysis suggests, therefore, a putative scenario of apoptosis evo-
lution. Protoeukaryotes were predators. They did not have oxidative respiration and
relied on bacterial prey. Bacteria produced as many toxins as possible against
enemies. Later, mitochondria were domesticated, and an apoptotic mechanism was
used by different organisms for regulated cell death. Regulated cell death was a
precondition for establishing multicellularity.

Summarizing this scenario suggests that regulated cell death and oxidative
respiration are inherited by eukaryotes from protomitochondria.

Fig. 10.9 Our model of apoptosis evolution. Due to an evolutionary arms race, proto-mitochondria
produced as many toxins/primordial apoptotic factors as possible. The response was the evolution
of different protoeukaryotic antitoxins. On the left: protomitochondria lost the evolutionary arms
race. Protomitochondrial toxins are inactivated by antitoxins. Proto-mitochondria are eaten and
degraded by proto-eukaryotes. On the right: proto-mitochondria won the race. There is a
protomitochondrial invasion and the host cell is destroyed by protomitochondrial toxins. This
process led to the evolution of complexity in extant apoptotic mechanisms. There are many toxins
and antitoxins that are extant apoptotic/antiapoptotic factors
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10.8 Endosymbiosis as a Source of Complexity

Complexity is one of the main features of living systems. Although there are
different definitions of complexity, it is obvious that evolution leads to a selection
of complex organisms.

The origin of complexity in biological systems is one of the great questions of
theoretical biology. It is not obvious why Darwinian evolution leads to complexity.
Unicellular organisms are relatively simple, well adapted to their environment, and
capable of establishing huge populations. Complex multicellular organisms have
much smaller populations.

One of the potential explanations for the evolution of complexity was proposed
by physicists Guttenberg and Goldenfeld (Guttenberg and Goldenfeld 2008). They
hypothesized that antagonistic interactions between prey and predator (or host and
parasite) are the source of complexity. Such interactions lead to an evolutionary arms
race, and both organisms develop complex strategies. They tested this hypothesis
using a computer model.

Our model of the endosymbiotic origin of apoptosis follows this theoretical
prediction. Complex apoptosis pathways evolved due to interactions between pred-
ators (protoeukaryote) and prey (protomitochondrion). However, the impact of
mitochondrial domestication on the evolution of complexity is much more complex
than in the simplified physical model of Guttenberg and Goldenfeld (Guttenberg and
Goldenfeld 2008). During evolution, antagonistic interactions between prey and
predator were transformed into a complex strategy of programmed cell death. This
strategy is probably required for the establishment of multicellularity. Additionally,
more complex metabolism was created. After mitochondrial domestication due to
symbiosis, novel organisms gained both aerobic and anaerobic respiration. This
observation suggests that co-evolution exists between oxidative respiration machin-
ery and apoptosis.

Additionally, our model explains why different apoptotic pathways are
interlinked by one organelle, mitochondria. Such a cross-talk between pathways
was probably crucial for establishing multicellularity.

10.9 Co-evolution of Apoptosis and Oxidative Respiration
in Extant Organisms

Assuming that multicellularity evolved as a consequence of mitochondrial domes-
tication, one can ask if reversed evolution from multicellular organisms to simplified
unicellular organisms is possible. Davila and Zamorano noticed that such a
“reversed” evolution occurs during the somatic evolution of cancer cells (Davila
and Zamorano 2013). During this rapid evolution, cancer cells lose “altruistic” traits
required for multicellularity, which evolved due to keen selection. One of them is
apoptosis, an altruistic cell death that is required for the proper function of
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multicellular organisms. Classical observations indicate that the suppression of
apoptosis in cancer cells tends to occur together with perturbations in cellular aerobic
metabolism (Warburg hypothesis) (Warburg 1956). Therefore, in extant organisms,
during the pathological somatic evolution of cancerous cells, apoptosis and cellular
aerobic metabolism co-evolve.

This observation suggests the testable hypothesis that the co-evolution of apo-
ptosis, multicellularity, and oxidative respiration is a general eukaryotic phenome-
non. This hypothesis was tested using the yeast model in a previously mentioned
experiment. It was shown that during the experimental evolution of multicellularity
of yeasts, the frequency of apoptosis increases (Ratcliff et al. 2012). We showed that
the deletion of apoptotic factors in yeasts causes a cancer-like phenotype: perturba-
tion of apoptosis and anaerobic respiration (Klim et al. 2018). This observation
inspires us to formulate an apoptotic model of the Warburg hypothesis. According to
this model, apoptotic factors have a pleiotropic function, and the perturbation of
apoptosis often also leads to the perturbation of mitochondrial respiration. Such
perturbations occur during the somatic evolution of cancer cells (Kaczanowski et al.
2018).

Interestingly, pathological apoptosis during aging occurs mainly in neuron cells
during the development of neurodegenerative diseases, such as Alzheimer’s
(LaFerla et al. 1995) or Parkinson’s (Mochizuki et al. 1996). Interestingly, mito-
chondrial oxidative respiration is particularly active in neuron cells (Demetrius and
Simon 2012).

It has been shown that patients with a history of cancer have experienced a
reduced risk of Alzheimer’s and Parkinson’s diseases (Jansson and Jankovic 1985;
Driver et al. 2012; Ibáñez et al. 2014).

This leads to the formulation of the inverse Warburg hypothesis. According to
this hypothesis, aerobic respiration accelerates neuronal aging (Demetrius and
Simon 2012).

10.10 Conclusions

Mitochondrial domestication leads to the evolution of multicellularity, apoptosis,
and anaerobic respiration. Programmed cell death is a complex strategy that evolved
as a result of symbiosis and complex interactions between protoeukaryotes and
protomitochondria. There are many indications that this strategy is required for the
development of multicellularity. Evolutionary history explains the less obvious
impact of oxidative respiration on apoptosis. During neoplastic transformation,
perturbations of the activity of cancer-suppressing apoptotic machinery co-occur
with perturbations of aerobic respiration. This observation is called the Warburg
hypothesis of cancer origin. In contrast, pathological apoptosis during the course of
age-related diseases, such as Alzheimer’s and Parkinson’s, occurs mainly in neuron
cells, where oxidative respiration is particularly active (an observation called the
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inverse Warburg hypothesis). Therefore, the evolutionary history of apoptosis has
significance for the biology of extant organisms, including humans.

As a result, the endosymbiotic hypothesis of the origin of apoptosis indicates
several testable research questions:

1. What is the impact of mitochondrial metabolism on pathological apoptosis during
the development of neurodegenerative diseases?

2. What is the impact of mitochondrial metabolism on the development of cancer?
3. What is the impact of diet on the activity of apoptotic machinery in animals,

including humans?
4. What is the impact of the evolution of multicellularity on mitochondrial

metabolism?
5. What is the impact of kin selection on the evolution of regulated apoptotic cell

death in extant unicellular organisms?
6. What is the impact of kin selection on the evolution of the aerobic metabolism of

extant unicellular organisms?
7. Do apoptotic factors belonging to the apoptotic pathways described above play

similar roles in different eukaryotes? For example, are caspases of Reticulomyxa
involved in apoptosis in unicellular organisms?

As shown above, these are basic questions of eukaryotic biology. In conclusion,
evolutionary history has implications that are fundamental for understanding the
main questions of medical science, evolutionary biology, biochemistry, and the cell
biology of extant eukaryotes.

Acknowledgments This research was funded by the National Science Centre of Poland NCN
grant number 2017/27/B/NZ8/02502.

References

Abedin M, King N (2010) Diverse evolutionary paths to cell adhesion. Trends Cell Biol
20:734–742

Acehan D, Jiang X, Morgan DG, Heuser JE, Wang X, Akey CW (2002) Three-dimensional
structure of the apoptosome: implications for assembly, procaspase-9 binding, and activation.
Mol Cell 9:423–432

Akematsu T, Endoh H (2010) Role of apoptosis-inducing factor (AIF) in programmed nuclear death
during conjugation in Tetrahymena thermophila. BMC Cell Biol 11:13

Aoyagi S, Sugiyama M, Fukuda H (1998) BEN1 and ZEN1 cDNAs encoding S1-type DNases that
are associated with programmed cell death in plants. FEBS Lett 429:134–138

Arambage S, Grant K, Pardo I, Ranford-Cartwright L, Hurd H (2009) Malaria ookinetes exhibit
multiple markers for apoptosis-like programmed cell death in vitro. Parasit Vectors 2:32

Arnoult D, Tatischeff I, Estaquier J, Girard M, Sureau F, Tissier JP, Grodet A, Dellinger M,
Traincard F, Kahn A, Ameisen JC, Petit PX (2001) On the evolutionary conservation of the
cell death pathway: mitochondrial release of an apoptosis-inducing factor during Dictyostelium
discoideum cell death. Mol Biol Cell 12:3016–3030

Baehrecke EH (2003) Autophagic programmed cell death in Drosophila. Cell Death Differ
10:940–945

10 Symbiotic Origin of Apoptosis 275



Bender CE, Fitzgerald P, Tait SW, Llambi F, GP MS, Tupper DO, Pellettieri J, Sánchez
Alvarado A, Salvesen GS, Green DR (2012) Mitochondrial pathway of apoptosis is ancestral
in metazoans. Proc Natl Acad Sci U S A 109:4904–4909

Berghe V, Linkermann A, Jouan-Lanhouet S, Walczak H, Vandenabeele P (2014) Regulated
necrosis: the expanding network of non-apoptotic cell death pathways. Nat Rev Mol Cell Biol
15:135–147

Bernardi P (2013) The mitochondrial permeability transition pore: a mystery solved? Front Physiol
4:95

Bonora M, Pinton P (2014) The mitochondrial permeability transition pore and cancer: molecular
mechanisms involved in cell death. Front Oncol 4:302

Büttner S, Habernig L, Broeskamp F, Ruli D, Vögtle FN, Vlachos M, Macchi F, Küttner V,
Carmona-Gutierrez D, Eisenberg T, Ring J, Markaki M, Taskin AA, Benke S,
Ruckenstuhl C, Braun R, Van den Haute C, Bammens T, van der Perren A, Fröhlich KU,
Winderickx J, Kroemer G, Baekelandt V, Tavernarakis N, Kovacs GG, Dengjel J, Meisinger C,
Sigrist SJ, Madeo F (2013) Endonuclease G mediates α-synuclein cytotoxicity during
Parkinson’s disease. EMBO J 32:3041–3054

Carloni S, Buonocore G, Balduini W (2008) Protective role of autophagy in neonatal hypoxia-
ischemia induced brain injury. Neurobiol Dis 32:329–339

Carmona-Gutierrez D, Bauer MA, Zimmermann A, Aguilera A, Austriaco N, Ayscough K,
Balzan R, Bar-Nun S, Barrientos A, Belenky P, Blondel M, Braun RJ, Breitenbach M, Burhans
WC, Büttner S, Cavalieri D, Chang M, Cooper KF, Côrte-Real M, Costa V, Cullin C, Dawes I,
Dengjel J, Dickman MB, Eisenberg T, Fahrenkrog B, Fasel N, Fröhlich KU, Gargouri A,
Giannattasio S, Goffrini P, Gourlay CW, Grant CM, Greenwood MT, Guaragnella N,
Heger T, Heinisch J, Herker E, Herrmann JM, Hofer S, Jiménez-Ruiz A, Jungwirth H,
Kainz K, Kontoyiannis DP, Ludovico P, Manon S, Martegani E, Mazzoni C, Megeney LA,
Meisinger C, Nielsen J, Nyström T, Osiewacz HD, Outeiro TF, Park HO, Pendl T, Petranovic D,
Picot S, Polčic P, Powers T, Ramsdale M, Rinnerthaler M, Rockenfeller P, Ruckenstuhl C,
Schaffrath R, Segovia M, Severin FF, Sharon A, Sigrist SJ, Sommer-Ruck C, Sousa MJ,
Thevelein JM, Thevissen K, Titorenko V, Toledano MB, Tuite M, Vögtle FN,
Westermann B, Winderickx J, Wissing S, Wölfl S, Zhang ZJ, Zhao RY, Zhou B, Galluzzi L,
Kroemer G, Madeo F (2018) Guidelines and recommendations on yeast cell death nomencla-
ture. Microb Cell 5:4–31

Carraro M, Bernardi P (2016) Calcium and reactive oxygen species in regulation of the mitochon-
drial permeability transition and of programmed cell death in yeast. Cell Calcium 60:102–107

Celiker H, Gore J (2013) Cellular cooperation: insights from microbes. Trends Cell Biol 23:9–15
Chen F, Hersh BM, Conradt B, Zhou Z, Riemer D, Gruenbaum Y, Horvitz HR (2000) Transloca-

tion of C. elegans CED-4 to nuclear membranes during programmed cell death. Science
287:1485–1489

Chinopoulos C (2018) Mitochondrial permeability transition pore: Back to the drawing board.
Neurochem Int 117:49–54

Chowdhury I, Tharakan B, Bhat GK (2008) Caspases - an update. Comp Biochem Physiol B
Biochem Mol Biol 151:10–27

Curtis MJ, Wolpert TJ (2002) The oat mitochondrial permeability transition and its implication in
victorin binding and induced cell death. Plant J 29:295–312

D’Arcy MS (2019) Cell death: a review of the major forms of apoptosis, necrosis and autophagy.
Cell Biol Int 43:582–592

Davila AF, Zamorano P (2013) Mitochondria and the evolutionary roots of cancer. Phys Biol
10:026008

Davis MC, Ward JG, Herrick G, Allis CD (1992) Programmed nuclear death: apoptotic-like
degradation of specific nuclei in conjugating Tetrahymena. Dev Biol 154:419–432

Demetrius LA, Simon DK (2012) An inverse-Warburg effect and the origin of Alzheimer’s disease.
Biogerontology 13:583–594

Doherty J, Baehrecke EH (2018) Life, death and autophagy. Nat Cell Biol 20:1110–1117

276 S. Kaczanowski



Dorstyn L, Kumar S (2006) A cytochrome c-free fly apoptosome. Cell Death Differ 13:1049–1051
Drew MC, He CJ, Morgan PW (2000) Programmed cell death and aerenchyma formation in roots.

Trends Plant Sci 5:123–127
Driver JA, Beiser A, Au R, Kreger BE, Splansky GL, Kurth T, Kiel DP, Lu KP, Seshadri S, Wolf

PA (2012) Inverse association between cancer and Alzheimer’s disease: results from the
Framingham Heart Study. BMJ 344:e1442

Durand PM, Choudhury R, Rashidi A, Michod RE (2014) Programmed death in a unicellular
organism has species-specific fitness effects. Biol Lett 10:20131088

Durand PM, Barreto Filho MM, Michod RE (2019) Cell death in evolutionary transitions in
individuality. Yale J Biol Med 92:651–662

Duszenko M, Figarella K, Macleod E, Welburn S (2006) Death of a trypanosome: a selfish altruism.
Trends Parasitol 22:536–542

Eisler H, Fröhlich KU, Heidenreich E (2004) Starvation for an essential amino acid induces
apoptosis and oxidative stress in yeast. Exp Cell Res 300:345–353

Ellis HM, Horvitz HR (1986) Genetic control of programmed cell death in the nematode C. elegans.
Cell 44:817–829

Erental A, Sharon I, Engelberg-Kulka H (2012) Two programmed cell death systems in Escherichia
coli: an apoptotic-like death is inhibited by the mazEF-mediated death pathway. PLoS Biol 10:
e1001281

Fedak H, Palusinska M, Krzyczmonik K, Brzezniak L, Yatusevich R, Pietras Z, Kaczanowski S,
Swiezewski S (2016) Control of seed dormancy in Arabidopsis by a cis-acting noncoding
antisense transcript. Proc Natl Acad Sci U S A 113:E7846–E7E55

Figarella K, Rawer M, Uzcategui NL, Kubata BK, Lauber K, Madeo F, Wesselborg S, Duszenko M
(2005) Prostaglandin D2 induces programmed cell death in Trypanosoma brucei bloodstream
form. Cell Death Differ 12:335–346

Gannavaram S, Vedvyas C, Debrabant A (2008) Conservation of the pro-apoptotic nuclease
activity of endonuclease G in unicellular trypanosomatid parasites. J Cell Sci 121:99–109

Golstein P, Kroemer G (2007) Cell death by necrosis: towards a molecular definition. Trends
Biochem Sci 32:37–43

Green DR, Fitzgerald P (2016) Just so stories about the evolution of Apoptosis. Curr Biol 26:R620–
R627

Greenhalf W, Stephan C, Chaudhuri B (1996) Role of mitochondria and C-terminal membrane
anchor of Bcl-2 in Bax induced growth arrest and mortality in Saccharomyces cerevisiae. FEBS
Lett 380:169–175

Guttenberg N, Goldenfeld N (2008) Cascade of complexity in evolving predator-prey dynamics.
Phys Rev Lett 100:058102

Hamilton WD (1964a) The genetical evolution of social behaviour. I. J Theor Biol 7:1–16
Hamilton WD (1964b) The genetical evolution of social behaviour. II. J Theor Biol 7:17–52
Hedgecock EM, Sulston JE, Thomson JN (1983) Mutations affecting programmed cell deaths in the

nematode Caenorhabditis elegans. Science 220:1277–1279
Hengartner MO, Horvitz HR (1994) C. elegans cell survival gene ced-9 encodes a functional

homolog of the mammalian proto-oncogene bcl-2. Cell 76:665–676
Hope EA, Amorosi CJ, Miller AW, Dang K, Heil CS, Dunham MJ (2017) Experimental evolution

reveals favored adaptive routes to cell aggregation in yeast. Genetics 206:1153–1167
Hurd H, Grant K, Arambage S (2006) Apoptosis-like death as a feature of malaria infection in

mosquitoes. Parasitology 132:S33–S47
Ibáñez K, Boullosa C, Tabarés-Seisdedos R, Baudot A, Valencia A (2014) Molecular evidence for

the inverse comorbidity between central nervous system disorders and cancers detected by
transcriptomic meta-analyses. PLoS Genet 10:e1004173

Ito J, Fukuda H (2002) ZEN1 is a key enzyme in the degradation of nuclear DNA during
programmed cell death of tracheary elements. Plant Cell 14:3201–3211

Jansson B, Jankovic J (1985) Low cancer rates among patients with Parkinson’s disease. Ann
Neurol 17:505–509

10 Symbiotic Origin of Apoptosis 277



Kaczanowski S (2016) Apoptosis: its origin, history, maintenance and the medical implications for
cancer and aging. Phys Biol 13:031001

Kaczanowski S, Sajid M, Reece SE (2011) Evolution of apoptosis-like programmed cell death in
unicellular protozoan parasites. Parasit Vectors 4:44

Kaczanowski S, Klim J, Zielenkiewicz U (2018) An apoptotic and endosymbiotic explanation of
the Warburg and the inverse Warburg hypotheses. Int J Mol Sci 19:3100

Kerr JF, Wyllie AH, Currie AR (1972) Apoptosis: a basic biological phenomenon with wide-
ranging implications in tissue kinetics. Br J Cancer 26:239–257

Klim J, Gładki A, Kucharczyk R, Zielenkiewicz U, Kaczanowski S (2018) Ancestral State
Reconstruction of the Apoptosis Machinery in the Common Ancestor of Eukaryotes. G3
(Bethesda) 8:2121–2134

Koonin EV, Aravind L (2002) Origin and evolution of eukaryotic apoptosis: the bacterial connec-
tion. Cell Death Differ 9:394–404

Kroemer G (1997) Mitochondrial implication in apoptosis: towards an endosymbiont hypothesis of
apoptosis evolution. Cell Death Differ 4:443–456

Kutschera U (2009) Symbiogenesis, natural selection, and the dynamic earth. Theory Biosci
128:191–203

LaFerla FM, Tinkle BT, Bieberich CJ, Haudenschild CC, Jay G (1995) The Alzheimer’s A beta
peptide induces neurodegeneration and apoptotic cell death in transgenic mice. Nat Genet
9:21–30

Li L, Luo X, Wang X (2001) Endonuclease G is an apoptotic DNase when released from
mitochondria. Nature 412:95–99

Li W, Sun L, Liang Q, Wang J, Mo W, Zhou B (2006) Yeast AMID homologue Ndi1p displays
respiration-restricted apoptotic activity and is involved in chronological aging. Mol Biol Cell
17:1802–1811

Liu ML, Yao MC (2012) Role of ATG8 and autophagy in programmed nuclear degradation in
Tetrahymena thermophila. Eukaryot Cell 11:494–506

Lyon C, Evans C, Bill B, Otsuka A, Aguilera R (2000) The C. elegans apoptotic nuclease NUC-1 is
related in sequence and activity to mammalian DNase II. Gene 252:147–154

Marchetti P, Castedo M, Susin SA, Zamzami N, Hirsch T, Macho A, Haeffner A, Hirsch F,
Geuskens M, Kroemer G (1996) Mitochondrial permeability transition is a central coordinating
event of apoptosis. J Exp Med 184:1155–1160

Margulis L (1993) Symbiosis in cell evolution. Freeman, New York
Mariño G, Niso-Santano M, Baehrecke EH, Kroemer G (2014) Self-consumption: the interplay of

autophagy and apoptosis. Nat Rev Mol Cell Biol 15:81–94
Marshall KR, Gong M, Wodke L, Lamb JH, Jones DJ, Farmer PB, Scrutton NS, Munro AW (2005)

The human apoptosis-inducing protein AMID is an oxidoreductase with a modified flavin
cofactor and DNA binding activity. J Biol Chem 280:30735–30740

Meslin B, Beavogui AH, Fasel N, Picot S (2011) Plasmodium falciparum metacaspase PfMCA-1
triggers a z-VAD-fmk inhibitable protease to promote cell death. PLoS One 6:e23867

Meurette O, Rebillard A, Huc L, Le Moigne G, Merino D, Micheau O, Lagadic-Gossmann D,
Dimanche-Boitrel MT (2007) TRAIL induces receptor-interacting protein 1-dependent and
caspase-dependent necrosis-like cell death under acidic extracellular conditions. Cancer Res
67:218–226

Minina EA, Filonova LH, Fukada K, Savenkov EI, Gogvadze V, Clapham D, Sanchez-Vera V,
Suarez MF, Zhivotovsky B, Daniel G, Smertenko A, Bozhkov PV (2013) Autophagy and
metacaspase determine the mode of cell death in plants. J Cell Biol 203:917–927

Minina EA, Bozhkov PV, Hofius D (2014) Autophagy as initiator or executioner of cell death.
Trends Plant Sci 19:692–697

Mochizuki H, Goto K, Mori H, Mizuno Y (1996) Histochemical detection of apoptosis in
Parkinson’s disease. J Neurol Sci 137:120–123

278 S. Kaczanowski



Moore RB, Oborník M, Janouskovec J, Chrudimský T, VancováM, Green DH, Wright SW, Davies
NW, Bolch CJ, Heimann K, Slapeta J, Hoegh-Guldberg O, Logsdon JM, Carter DA (2008) A
photosynthetic alveolate closely related to apicomplexan parasites. Nature 451:959–963

Mpoke S, Wolfe J (1996) DNA digestion and chromatin condensation during nuclear death in
Tetrahymena. Exp Cell Res 225:357–365

O’Connor C (2010) Essentials of cell biology. https://www.nature.com/scitable/ebooks/essentials-
of-cell-biology-14749010/118237915/

Oda K, Kawasaki N, Fukuyama M, Ikeda S (2007) Ectopic expression of mitochondria endonu-
clease Pnu1p from Schizosaccharomyces pombe induces cell death of the yeast. J Biochem Mol
Biol 40:1095–1099

Osada E, Akematsu T, Asano T, Endoh H (2014) A novel mitochondrial nuclease-associated
protein: a major executor of the programmed nuclear death in Tetrahymena thermophila. Biol
Cell 106:97–109

Parfrey LW, Lahr DJ (2013) Multicellularity arose several times in the evolution of eukaryotes.
Bioessays 35:339–347. https://doi.org/10.1002/bies.201100187

Pennell RI, Lamb C (1997) Programmed cell death in plants. Plant Cell 9:1157–1168
Petit P, Susin S, Zamzami N, Mignotte B, Kroemer G (1996) Mitochondria and programmed cell

death: back to the future. FEBS Lett 396:7–13
Qi S, Pang Y, Hu Q, Liu Q, Li H, Zhou Y, He T, Liang Q, Liu Y, Yuan X, Luo G, Wang J, Yan N,

Shi Y (2010) Crystal structure of the Caenorhabditis elegans apoptosome reveals an octameric
assembly of CED-4. Cell 141:446–457

Ratcliff WC, Denison RF, Borrello M, Travisano M (2012) Experimental evolution of
multicellularity. Proc Natl Acad Sci U S A 109:1595–1600

Rico E, Alzate JF, Arias AA, Moreno D, Clos J, Gago F, Moreno I, Domínguez M, Jiménez-Ruiz A
(2009) Leishmania infantum expresses a mitochondrial nuclease homologous to EndoG that
migrates to the nucleus in response to an apoptotic stimulus. Mol Biochem Parasitol 163:28–38

Robertson AM, Thomson J (1982) Morphology of programmed cell death in the ventral nerve cord
of Caenorhabditis elegans larvae. Development 67:89–100

Roisin-Bouffay C, Luciani MF, Klein G, Levraud JP, Adam M, Golstein P (2004) Developmental
cell death in dictyostelium does not require paracaspase. J Biol Chem 279:11489–11494

Rokas A (2008) The origins of multicellularity and the early history of the genetic toolkit for animal
development. Annu Rev Genet 42:235–251

Rubinsztein DC, Mariño G, Kroemer G (2011) Autophagy and aging. Cell 146:682–695
Rust A, Leese C, Binz T, Davletov B (2016) Botulinum neurotoxin type C protease induces

apoptosis in differentiated human neuroblastoma cells. Oncotarget 7:33220–33228
Sakahira H, Enari M, Nagata S (1998) Cleavage of CAD inhibitor in CAD activation and DNA

degradation during apoptosis. Nature 391:96–99
Schweichel JU, Merker HJ (1973) The morphology of various types of cell death in prenatal tissues.

Teratology 7:253–266
Seipp S, Schmich J, Leitz T (2001) Apoptosis--a death-inducing mechanism tightly linked with

morphogenesis in Hydractina echinata (Cnidaria, Hydrozoa). Development 128:4891–4898
Seipp S, Wittig K, Stiening B, Böttger A, Leitz T (2006) Metamorphosis of Hydractinia echinata

(Cnidaria) is caspase-dependent. Int J Dev Biol 50:63–70
Silva RD, Sotoca R, Johansson B, Ludovico P, Sansonetty F, Silva MT, Peinado JM, Côrte-Real M

(2005) Hyperosmotic stress induces metacaspase- and mitochondria-dependent apoptosis in
Saccharomyces cerevisiae. Mol Microbiol 58:824–834

Soares EV (2011) Flocculation in Saccharomyces cerevisiae: a review. J Appl Microbiol 110:1–18
Steller H (1995) Mechanisms and genes of cellular suicide. Science 267:1445–1449
Sulston JE, Horvitz HR (1977) Post-embryonic cell lineages of the nematode, Caenorhabditis

elegans. Dev Biol 56:110–156
Sulston JE, Schierenberg E, White JG, Thomson JN (1983) The embryonic cell lineage of the

nematode Caenorhabditis elegans. Dev Biol 100:64–119

10 Symbiotic Origin of Apoptosis 279

https://www.nature.com/scitable/ebooks/essentials-of-cell-biology-14749010/118237915/
https://www.nature.com/scitable/ebooks/essentials-of-cell-biology-14749010/118237915/
https://doi.org/10.1002/bies.201100187


Sundström J, Vaculova A, Smertenko A, Savenkov E, Golovko A, Minina E, Tiwari B, Rodriguez-
Nieto S, Zamyatnin AJ, Välineva T, Saarikettu J, Frilander M, Suarez M, Zavialov A, Ståhl U,
Hussey P, Silvennoinen O, Sundberg E, Zhivotovsky B, Bozhkov P (2009) Tudor staphylococ-
cal nuclease is an evolutionarily conserved component of the programmed cell death
degradome. Nat Cell Biol 11:1347–1354

Susin SA, Lorenzo HK, Zamzami N, Marzo I, Snow BE, Brothers GM, Mangion J, Jacotot E,
Costantini P, Loeffler M, Larochette N, Goodlett DR, Aebersold R, Siderovski DP, Penninger
JM, Kroemer G (1999) Molecular characterization of mitochondrial apoptosis-inducing factor.
Nature 397:441–446

Suzuki Y, Imai Y, Nakayama H, Takahashi K, Takio K, Takahashi R (2001) A serine protease,
HtrA2, is released from the mitochondria and interacts with XIAP, inducing cell death. Mol Cell
8:613–621

Tamm I, Wang Y, Sausville E, Scudiero DA, Vigna N, Oltersdorf T, Reed JC (1998) IAP-family
protein survivin inhibits caspase activity and apoptosis induced by Fas (CD95), Bax, caspases,
and anticancer drugs. Cancer Res 58:5315–5320

Tovar J, León-Avila G, Sánchez LB, Sutak R, Tachezy J, van der Giezen M, Hernández M,
Müller M, Lucocq JM (2003) Mitochondrial remnant organelles of Giardia function in iron-
sulphur protein maturation. Nature 426:172–176

Valen LV (1973) A new evolutionary law. Evol Theory 1:1–30
Van DurmeM, NowackMK (2016) Mechanisms of developmentally controlled cell death in plants.

Curr Opin Plant Biol 29:29–37
Vardi A, Berman-Frank I, Rozenberg T, Hadas O, Kaplan A, Levine A (1999) Programmed cell

death of the dinoflagellate Peridinium gatunense is mediated by CO(2) limitation and oxidative
stress. Curr Biol 9:1061–1064

Walker JE, Carroll J, He J (2020) Reply to Bernardi: the mitochondrial permeability transition pore
and the ATP synthase. Proc Natl Acad Sci U S A 117:2745–2746

Walter D, Wissing S, Madeo F, Fahrenkrog B (2006) The inhibitor-of-apoptosis protein Bir1p
protects against apoptosis in S. cerevisiae and is a substrate for the yeast homologue of
Omi/HtrA2. J Cell Sci 119:1843–1851

Wang X, Yang C, Chai J, Shi Y, Xue D (2002) Mechanisms of AIF-mediated apoptotic DNA
degradation in Caenorhabditis elegans. Science 298:1587–1592

Warburg O (1956) On the origin of cancer cells. Science 123:309–314
Welburn S, Dale C, Ellis D, Beecroft R, Pearson T (1996) Apoptosis in procyclic Trypanosoma

brucei rhodesiense in vitro. Cell Death Differ 3:229–236
Whittingham WF, Raper KB (1960) Non-viability of stalk cells in dictyostelium. Proc Natl Acad

Sci U S A 46:642–649
Xie Q, Lin T, Zhang Y, Zheng J, Bonanno JA (2005) Molecular cloning and characterization of a

human AIF-like gene with ability to induce apoptosis. J Biol Chem 280:19673–19681
Yuan J, Shaham S, Ledoux S, Ellis HM, Horvitz HR (1993) The C. elegans cell death gene ced-3

encodes a protein similar to mammalian interleukin-1 beta-converting enzyme. Cell 75:641–652
Zhang J, Zhang Y, Li J, Xing S, Li C, Li Y, Dang C, Fan Y, Yu J, Pei Z, Zeng J (2012)

Autophagosomes accumulation is associated with β-amyloid deposits and secondary damage
in the thalamus after focal cortical infarction in hypertensive rats. J Neurochem 120:564–573

Zou H, Li Y, Liu X, Wang X (1999) An APAF-1. cytochrome c multimeric complex is a functional
apoptosome that activates procaspase-9. J Biol Chem 274:11549–11556

280 S. Kaczanowski



Chapter 11
The Puzzling Conservation
and Diversification of Lipid Droplets from
Bacteria to Eukaryotes

Josselin Lupette and Eric Maréchal

Abstract Membrane compartments are amongst the most fascinating markers of
cell evolution from prokaryotes to eukaryotes, some being conserved and the others
having emerged via a series of primary and secondary endosymbiosis events.
Membrane compartments comprise the system limiting cells (one or two membranes
in bacteria, a unique plasma membrane in eukaryotes) and a variety of internal
vesicular, subspherical, tubular, or reticulated organelles. In eukaryotes, the internal
membranes comprise on the one hand the general endomembrane system, a dynamic
network including organelles like the endoplasmic reticulum, the Golgi apparatus,
the nuclear envelope, etc. and also the plasma membrane, which are linked via direct
lateral connectivity (e.g. between the endoplasmic reticulum and the nuclear outer
envelope membrane) or indirectly via vesicular trafficking. On the other hand, semi-
autonomous organelles, i.e. mitochondria and chloroplasts, are disconnected from
the endomembrane system and request vertical transmission following cell division.
Membranes are organized as lipid bilayers in which proteins are embedded. The
budding of some of these membranes, leading to the formation of the so-called lipid
droplets (LDs) loaded with hydrophobic molecules, most notably triacylglycerol, is
conserved in all clades. The evolution of eukaryotes is marked by the acquisition of
mitochondria and simple plastids from Gram-positive bacteria by primary endosym-
biosis events and the emergence of extremely complex plastids, collectively called
secondary plastids, bounded by three to four membranes, following multiple and
independent secondary endosymbiosis events. There is currently no consensus view
of the evolution of LDs in the Tree of Life. Some features are conserved; others show

Josselin Lupette and Eric Maréchal contributed equally with all other contributors.

J. Lupette (*)
MSU-DOE Plant Research Laboratory, Michigan State University, East Lansing, MI, USA
e-mail: lupettej@msu.edu

E. Maréchal (*)
Laboratoire de Physiologie Cellulaire et Végétale, CNRS, CEA, INRAE, Université Grenoble
Alpes, Institut de Recherche Interdisciplinaire de Grenoble, Grenoble, France
e-mail: eric.marechal@cea.fr

© Springer Nature Switzerland AG 2020
M. Kloc (ed.), Symbiosis: Cellular, Molecular, Medical and Evolutionary Aspects,
Results and Problems in Cell Differentiation 69,
https://doi.org/10.1007/978-3-030-51849-3_11

281

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-51849-3_11&domain=pdf
mailto:lupettej@msu.edu
mailto:eric.marechal@cea.fr
https://doi.org/10.1007/978-3-030-51849-3_11#DOI


a striking level of diversification. Here, we summarize the current knowledge on the
architecture, dynamics, and multitude of functions of the lipid droplets in prokary-
otes and in eukaryotes deriving from primary and secondary endosymbiosis events.

Keywords Lipid droplets · Evolution · Architecture · Biogenesis · Catabolism

11.1 Introduction

Lipid droplets (LDs) are conserved structures in prokaryotic and eukaryotic cells
(Walther et al. 2017; Zhang and Liu 2017). Their architecture consists of a core,
loaded with hydrophobic carbon-rich molecules (polyhydroxyalkanoates or PHAs,
triacylglycerol or TAG, steryl esters, isoprenoids such as squalene, etc.) bounded by
a monolayer of polar glycerolipids, generally phospholipids that can be associated
with sterols. Proteins are transiently or permanently associated with its surface
(Walther et al. 2017) (Fig. 11.1). Two main classes have been identified amongst
LD closely associated proteins, based on their structure (Kory et al. 2016). Class I
proteins have a hydrophobic “hairpin” pattern (Bersuker and Olzmann 2017) and
class II proteins have at least one amphipathic helix (Bersuker and Olzmann 2017)
(Fig. 11.1). Nevertheless, proteins that do not belong to these two classes are also
encountered.

Fig. 11.1 General architecture of a triacylglycerol-containing lipid droplet
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LDs derive from the budding of a cell membrane. Membrane compartments are
amongst the most fascinating markers of cell evolution from prokaryotes to eukary-
otes, some being conserved and the others having emerged via a series of primary
and secondary endosymbiosis events. Membrane compartments comprise the system
limiting cells (one or two membranes in bacteria, a unique plasma membrane in
eukaryotes) and a variety of internal vesicular, subspherical, tubular, or reticulated
organelles. In eukaryotes, the internal membranes comprise on the one hand
the general endomembrane system, a dynamic network including organelles like
the endoplasmic reticulum (ER), the Golgi apparatus, nuclear envelope, etc. and also
the plasma membrane, which are linked via direct lateral connectivity (e.g. between
the endoplasmic reticulum and the nuclear outer envelope membrane) or indirectly
via vesicular trafficking. On the other hand, semi-autonomous organelles,
i.e. mitochondria and chloroplasts, are disconnected from the endomembrane system
and request vertical transmission following cell division. Membranes are organized
as lipid bilayers in which proteins are embedded. The evolution of eukaryotes is
marked by the acquisition of mitochondria and simple plastids from Gram-negative
bacteria by primary endosymbiosis events (Maréchal 2018), and the emergence of
extremely complex plastids, collectively called secondary plastids, bounded by three
to four membranes, following multiple and independent secondary endosymbiosis
events (Füssy and Oborník 2018). There is currently no consensus view on the
evolution of cell membranes and that of LDs.

Due to their hydrophobic core loaded with carbon-rich molecules, LDs have long
been considered as simple carbon and energy storage organelles. Based on the
analyses of LD proteomes in various cell models, it is now considered that LDs
have other functions that depend on their protein composition (Walther et al. 2017;
Den Brok et al. 2018; Henne et al. 2018).

Research on LDs has increased strikingly in recent decades motivated by the
multitude of applications ranging from nutrition, health to green chemistry and
bioenergy. In 2020, the keyword “lipid droplet” returns as many as 12,500 hits in
the Pubmed bibliographic database. Concerning human obesity-related diseases
(Faucher and Poitou 2016; Madrigal-Matute and Cuervo 2016), protein actors
(CGI-58, SEIPIN, ATGL, LAL) at the surface of LDs have been extensively studied
in mammalian models (summarized in Table 11.1). CGI-58-ABHD5 (Comparative
Gene Identification 58—α/β hydrolase domain-containing 5; 349 amino acids—
45 kDa) is particularly studied because its mutation is responsible for the
Chanarin-Dorfman syndrome, an autosomal recessive disease (Missaglia et al.
2014). In mammals, the CGI-58 protein is located on cytosolic LDs interacting
with PLIN1 (Subramanian et al. 2004). A second important player in the mecha-
nisms of LD biogenesis in mammals is the SEIPIN protein. A mutation in the human
Seipin gene leads to severe forms of generalized Berardinelli-Seip congenital
lipodystrophy (Magré et al. 2001). The deletion of ATGL (Adipose triglyceride
lipase) in mice reduces the mechanism of lipolysis and promotes the accumulation of
lipids in oxidative tissues of the body, leading to the death of mice in 3 months
(Zimmermann et al. 2004). The last example is the Wolman disease, which is an
autosomal recessive disease affecting young children following a mutation in the
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LIPA gene (Wolman et al. 1961). The LIPA mutation leads to the synthesis
deficiency of lysosomal acid lipase (LAL) (Onal et al. 2017). This disease causes
accumulation of cholesterol esters and TAG in leukocyte lysosomes, fibroblasts, and
hepatocytes generally leading to the death of the child by liver failure (Pericleous
et al. 2017). It is a very rare disease with only 14 cases detected so far, half of which
are from the consanguineous union (Ikari et al. 2018).

TAG-rich LDs produced by oleaginous organisms, mainly plants and algae, but
sometimes also fungi or animals, are also key to numerous biotechnological appli-
cations. Molecules of TAG are composed of a glycerol-3-phosphate backbone on
which three fatty acids are esterified (Lupette and Maréchal 2018). Fatty acids (FAs)
are carboxylic acids. Their carbon chain length and number of unsaturations
(or double bonds, C¼C) allow assessing whether they can be used for different
applications. Oleaginous crops are an essential resource for human nutrition.
Microalgae, whose interest in the scientific community is currently exponential,

Table 11.1 Human diseases related to LD formation

Diseases Anatomical pathology Pathophysiology References

Atherosclerosis Accumulation of atheroma-
tous plaques (cholesterol) in
the arteries

ACAT1;
ABCA1; ADRP

Paul et al. (2008)

Obesity Accumulation of fat
reserves

Multifactorial
(genetic, envi-
ronmental,
psychological)

Faucher and Poitou (2016)

Fatty liver Accumulation of TAGs in
the cytoplasm of
hepatocytes

Alcohol, hepati-
tis B and C

Madrigal-Matute and
Cuervo (2016)

Chanarin-
Dorfman
syndrome

Accumulation of lipid
droplets in lymphocytes and
many tissues

Mutation of
CGI-58/ABHD5

Dorfman et al. (1974),
Chanarin et al. (1975),
Lefèvre et al. (2001),
Samuelov et al. (2011),
Missaglia et al. (2014),
Jordans (1953), Gupta and
Kaur (2005), Waheed et al.
(2016)

Myopathy Mutation of
PNPLA2

Zimmermann et al. (2004)

Congenital
generalized
Lipodystrophy
(CGL)

Dystrophy of adipose tissue Mutation of
AGPAT2,
BSCL2, CAV1
or PTRF

Magré et al. (2001),
Agarwal et al. (2002), Kim
et al. (2008), Hayashi et al.
(2009), Rajab et al. (2010),
Quinn and Purcell (2017)

Lysosomal
acid lipase
deficiency

Lysosomal acid lipase defi-
ciency causing an accumu-
lation of TAGs and
cholesterol esters in leuko-
cytes, hepatocytes, and
fibroblasts

Mutation of
LIPA

Wolman et al. (1961), Onal
et al. (2017), Pericleous
et al. (2017), Ikari et al.
(2018)
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can also produce TAGs. Microalgae enriched in FAs with short or medium carbon
chains without unsaturation are an interesting feedstock for green chemistry or the
development of biofuels (Lupette and Maréchal 2018). Microalgae containing high
levels of very long-chain fatty acids (carbon number greater than 20) with multiple
unsaturations (1–6), called VLC-PUFAs, with unsaturation at the ω-3 position
(i.e. eicosapentaenoic acid or EPA, 20:5, and docosahexaenoic acid or DHA,
22:6), are promising for human health applications (Lupette and Maréchal 2018).

There is currently no consensus view of the evolution of LDs in the Tree of Life.
Some features are conserved; others show a striking level of diversification. Here, we
summarize the current knowledge on the architecture, dynamics, and multitude of
functions of the lipid droplets in prokaryotes and eukaryotes deriving from primary
and secondary endosymbiosis events.

11.2 Studying Lipid Droplets

11.2.1 Imaging Lipid Droplets

Microscopic observation by confocal or epifluorescence imaging is the main method
of detection of LDs in a cell or an organelle. The most commonly used fluorophores
are Nile Red (Greenspan et al. 1985) and BODIPY 505/515 (Rumin et al. 2015) or
BODIPY 493/503 (Gocze and Freeman 1994). More recently, new fluorophores
have been developed (Yang et al. 2012; Gidda et al. 2016). These molecules are
compatible with the parallel measurement of the fluorescence of GFP (Green
Fluorescent Protein), RFP (Red Fluorescent Protein), and of chlorophyll (Kuntam
et al. 2015). Other compounds including AC-202 were recently used in two model
species of microalgae Chlamydomonas reinhardtii and Phaeodactylum tricornutum
(Harchouni et al. 2018). These fluorophores make it possible to determine the size
and number of LDs in a semi-quantitative manner, as well as their cellular
localization.

11.2.2 Purifying Lipid Droplets

The general strategy for studying LD architecture is similar regardless of the
organism studied. A culture of cells in a medium promoting the development of
LDs is used (e.g. a nutrient deficiency). The LD purification starts by a gentle cell
disruption step (French press, cell disruptor, etc.) in a suitable buffer releasing
droplets as well as other cellular components. It is then necessary to perform a
density gradient purification (Brasaemle and Wolins 2016). Due to their low density,
LDs rise to the surface of the gradient during ultracentrifugation (Brasaemle and
Wolins 2016). LDs are harvested and washed to limit the presence of contaminants.
The study of LD architecture is based first on the determination of all the
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components of the hydrophobic core and on the composition of the monolayer of
polar lipids and proteins on the surface of the droplet (Walther et al. 2017).
Proteomic analyses allow the identification of proteins but also the characterization
of some post-translational modifications (phosphorylation, nitrosylation,
ubiquitinylation, sumoylation, N and O-glycosylation, farnesylation). The proteome
must then be validated by biochemical studies (western blot), the imaging of fusion
proteins (with a fluorescent marker to verify the location on the surface of LDs), and
functional genetic studies (the study of mutants with altered expression such as
knockout, silencing, and overexpression of genes coding for droplet proteins allows
their functional characterization).

11.2.3 Biophysical Properties of Lipid Droplets

Biophysical studies of LDs have proven to be critical to advance our understanding
of LD biogenesis. After the removal of proteins and polar lipids, it is possible to
consider LDs as the product of an emulsion of oil in water (Thiam et al. 2013b). The
cytosol of the cell represents the aqueous phase and LDs, the dispersed oily phase.
The interface between oil and water generates a surface tension due to the lack of
cohesive integrations between the two phases. These emulsions are metastable in the
absence of external disturbance. The presence of surfactants makes it possible to
reduce the surface tension, thus increasing the (meta)stability of the emulsion and the
cohesion energy cost (Georgieva et al. 2009). The polar glycerolipids at the periph-
ery of the droplet then act as surfactants. Mastering this system in vitro is probably
one of the most important challenges to understand how such anisotropic hydropho-
bic cores can be maintained in a cell, where all other components are highly self-
assembled and organized (membranes can be considered as two-dimensional fluid
crystals, DNA and polymers have three-dimensional architectures, polypeptides
form protein structures with rigorous three-dimensional folds). It is also possible
to use biophysical methods such as Pulsed Field Gradient-Nuclear Magnetic Reso-
nance (PFG-NMR) to determine the mobility of TAGs inside the volume set by LDs
with or without LD-to-LD connections (Gromova et al. 2015). Since the overall
structure of LDs appears conserved in the Tree of Life, whereas components may
differ, a key to LD conservation may rely on biophysical properties, which now need
to be evaluated in different systems.

11.3 Lipid Droplets in the Tree of Life

11.3.1 Lipid Droplets in Prokaryotic Cells

The vast majority of bacterial species have the capacity to accumulate lipid com-
pounds within their cytoplasm, especially during nutritional stress. A distinction is
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made according to accumulated hydrophobic molecules, with either “lipid droplets”
(containing fluid acyl esters, triacylglycerols, or TAGs) or “granules” (containing
semi-solid lipopolymers called polyhydroxyalkanoates or PHAs). Here, we describe
the formation of LD structures in bacteria, as a possible basis for their evolution in
eukaryotes following primary endosymbiosis events. Since primary endosymbiosis
events are believed to be facilitated by the presence of pathogenic partners (Maréchal
2018), we also describe how some pathogenic bacteria (and viruses) are known to
interact with host cell LDs.

11.3.1.1 Polyhydroxyalkanoate Granules

Polyhydroxyalkanoates (PHAs) are polyesters produced by fermentation of lipids or
carbohydrates. They are linear polyesters consisting of hydroxy acid monomers
(HA) linked together by an ester bond (Możejko-Ciesielska and Kiewisz 2016).
PHAs include poly(3-hydroxybutyrate) (PHB) and polyhydroxyvalerate (PHV)
(Murphy 2012). PHAs are also classified into two groups according to the number
of carbons per monomer: short-chain (3–5 carbons) PHAs and medium-chain PHAs
(6–14 carbons). PHAs are synthesized when the C/N ratio is altered (a nitrogen
deficiency coupled with an excess of carbon), stopping growth and division,
resulting in an entry into the quiescent phase. Special attention has been given to
these polyesters for several decades because they are biodegradable (Pötter and
Steinbüchel 2006). PHAs are used in a wide range of applications such as resorbable
materials for medical purposes (implants, biodegradable sutures, stents, etc.), mate-
rials (paper coating, shape memory gel, etc.), fuel additives, and as metabolic
regulators (Możejko-Ciesielska and Kiewisz 2016).

Ralstonia eutropha H16 (new name: Cupriavidus necator) is the study model for
PHB granules (Reinecke and Steinbüchel 2009). It is a Gram-negative bacterium
that can accumulate 10–20 granules per cell, measuring 500 nm in diameter and
representing 90% of the dry weight (Anderson and Dawes 1990). A recent study has
shown that R.eutropha H16 PHB granules do not have a monolayer of polar lipids
but only superficial proteins essential for their synthesis and degradation (Bresan
et al. 2016). The main proteins detected on their surface are PHB synthase (PhaC),
phasin (PhaP), PhaR (PhaR), and PHB depolymerase (PhaZ). The R. eutropha H16
PhaC gene has been cloned by three independent laboratories. The localization of the
PHB synthase on the surface of the granules was confirmed by immunocytochemical
staining with colloidal gold (Gerngross et al. 1993). The study of PHA granules is
still too scarce to assess whether they are linked to TAG containing LDs and whether
they may also be present in some eukaryotic clades.

11.3.1.2 TAG and Wax Ester Droplets

Bacteria are also able to accumulate TAG in LDs. Bacterial species producing LDs
have been described in the following genera: Mycobacterium, Nocardia,
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Rhodococcus, Micromonospora, Dietzia, and Gordonia as well as several Strepto-
mycetes (Alvarez and Steinbüchel 2002; Wältermann and Steinbüchel 2005; Mur-
phy 2012). γ-Proteobacteria (Marinobacter, Alcanivorax, etc.) are hydrocarbon-
based bacteria capable of accumulating LDs (TAGs and wax esters) when entering
dormancy (Kalscheuer et al. 2007). These γ-proteobacteria are often found in the
oceans associated with microalgae in a system called the phycosphere (Lupette et al.
2016). These bacteria are also able to use petroleum hydrocarbons as a source of
carbon raising possible applications in the degradation of hydrocarbons during oil
spills (Murphy 2012).

Rhodococcus are oleaginous bacteria containing large amounts of TAGs (Alvarez
2016). Proteomic studies of LDs of several Rhodococcus species have been
performed: Rhodococcus opacus and Rhodococcus ruber (Kalscheuer et al. 2001),
Rhodococcus jostii RHA1 (Ding et al. 2012b), and Rhodococcus opacus PD630
(Kalscheuer et al. 2001; Chen et al. 2014). 228 proteins have been identified in
R. jostii RHA1 including two putative structural proteins representing 15% of LD
proteins: Microorganism Lipid Droplet Small (MLDS) and Phage shock protein A
(Psp A). Ribosomes and translational regulators have also been isolated in the
proteome of the LD of R. jostii RHA1 (Ding et al. 2012b). By a functional genetic
study, deletion of the MLDS causes the formation of larger LDs (Ding et al. 2012b).
A recent study showed that LDs of R. jostii RHA1 are bound to genomic DNA via
MLDS protein, which increases the survival rate of bacterial cells during nutritional
deficiency or genotoxic stress (Zhang et al. 2017).

11.3.1.3 Pathogenic Bacteria

Pathogenic bacteria can divert lipids and even ‘hijack’ LDs from an infected host.
Well-known examples include bacteria of the genera Mycobacterium and Chla-
mydia. Mycobacteria are bacilli with pathogenic potency: Mycobacterium tubercu-
losis (Menon et al. 2019), M. bovis, and M. avium are causative agents of
tuberculosis, M. leprae is the agent of leprosy, and M. ulcerans is responsible for
Buruli ulcer. Mycobacteria are able to disrupt human lipid homeostasis during
infection following the formation of foamy macrophages containing LDs in the
cytoplasm (Kim et al. 2010; Caire-Brändli et al. 2014). LDs produced in infected
cells serve as a platform for the production of signaling molecules (prostaglandins
and leukotrienes eicosanoids) regulating the immune response and inflammation
(Melo andWeller 2016). LDs also serve to concentrate and deliver iron via lipophilic
siderophores (mycobactins) secreted by the bacteria (Luo et al. 2005). The LD
proteome of Bacillus Calmette and Guerin (BCG: a non-replicating hypoxic atten-
uated strain of M. bovis) used in the tuberculosis vaccine allowed the identification
of five proteins: two triacylglycerol synthases, Tgs1 (BCG3153c) and Tgs2
(BCG3794c), as well as three other proteins, BCG1169c, BCG1489c, and
BCG1721 (Low et al. 2010). BCG1169c is a specific protein of the Mycobacterium
clade. BCG1489c codes for a putative AGPAT involved in the formation of PA in
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the Kennedy pathway. A deletion of BCG1489C causes a decrease in the amount
of TAG.

Chlamydia trachomatis is an obligate intracellular bacterium responsible for
sexually transmitted infections as well as eye diseases. This bacterium has a biphasic
life cycle: the elementary body representing the infectious form and the
non-infectious reticulate body. C. trachomatis is able to translocate an LD from
the cytoplasm of the host to the parasitophorous vacuole lumen containing the
bacterium via an endocytosis process. Internalization occurs after LDs are coated
with a family of Lda proteins (Kumar et al. 2006). The proteome of LDs of HeLa
human cervical adenocarcinoma epithelial cells infected with C. trachomatis
LGV-L2 434/Bu showed that they are enriched in PLIN2, PLIN3, ACSL-3, and
ACSL-4 proteins (Saka et al. 2015).

11.3.2 Hijacking of Lipid Droplets by Viruses

LDs can serve as a source of energy for the dispersion of viruses such as hepatitis C
virus (HCV), dengue virus (DENV), poliovirus (PV), or rotavirus (RV). This section
presents several examples of ‘hijacking’ of lipid metabolism by viruses.

HCV is the most widely used model for studying LD diversion (Roingeard and
Melo 2017). The virion initially circulates in a form of lipoviroparticles (rich in
cholesterol esters and apolipoproteins apoB and apoE) in the blood of infected
patients (Boyer et al. 2014). Its entry into the cell is dependent on LDL receptors
(Low Density Lipoproteins). The replication of the viral RNA then induces exten-
sive alterations of the membrane and the formation of vesicular structures that
exhibit features similar to lipid rafts (Aizaki et al. 2004). The assembly of HCV
requires the localization of some of the HCV proteins in LDs of the host, and the
release of virions is strongly associated with the secretion pathway of very
low-density lipoproteins (VLDL). Proteins that are important to complete the viral
cycle, i.e. the nucleocapsid of HCV and the nonstructural protein NS5A co-localize
with the LD in HCV-infected cells and interact with LD proteins, such as DGAT1
(Camus et al. 2013).

Other examples of viruses depending on host cell LDs to complete their cycle
include DENV in mosquitoes (Mayer et al. 2017), PV causing poliomyelitis
(Nchoutmboube et al. 2013), Flock House Virus (Castorena et al. 2010), Brome
mosaic virus (BMV) (Zhang et al. 2016), or RV causing gastroenteritis in infants and
young children (Gaunt et al. 2013).

11.3.3 Lipid Droplets in Eukaryotic Cells

Eukaryotes including unicellular and multicellular organisms are characterized by
the presence of membrane organelles (endoplasmic reticulum, nucleus, Golgi,
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trans-Golgi network, peroxisomes, lysosomes, vacuoles, and numerous cytosolic
vesicles for the endomembrane system, mitochondria, and chloroplast for
semi-autonomous organelles). Primary endosymbiosis events are at the origin of
mitochondria and primary plastids. In a very simplistic scheme, mitochondria are
considered to derive from Gram-negative alpha-proteobacteria and primary plastids,
from Gram-negative cyanobacteria. Based on molecular evidence, other partners
have been involved, including pathogenic bacteria (Maréchal 2018). In contrast to
prokaryotes, the synthesis of LDs from the ER seems to occur nearly in all eukary-
otes studied to date.

In this section, we first consider non-photosynthetic eukaryotes, containing
mitochondria as unique semi-autonomous organelles, then photosynthetic eukary-
otes containing primary plastids, and finally those containing secondary plastids.

11.3.3.1 Opisthokonta: Non-photosynthetic Eukaryotes

Metazoa

Chordata

LDs of mammals are composed of a hydrophobic core consisting of TAGs and
cholesteryl esters, generally considered as a form of storage. The monolayer of polar
lipids is mainly composed of PC, PE, and PI (Bartz et al. 2007). In mammals, LD
surface proteins are grouped into a family formerly called PAT (for Perilipin—
Adipophilin—Tail-interacting protein of 47 kDa) (Bickel et al. 2009) but whose
nomenclature has evolved since 2010 under the name of Perilipin (PLIN) (Kimmel
et al. 2010). PLIN1 has four splice variants PLIN1a, PLIN1b, PLIN1c, and PLIN1d
(Kimmel et al. 2010). PLINs contain a hydrophobic PAT domain of 100 amino acids
defining an N-terminal region. The study of a mutant PLIN2-N1 (deficient for the
PAT domain) reveals that this domain is not involved in lipid binding, but in the
stabilization of lipid droplets, and lipid accumulation and degradation of PLIN2 by
the proteasome (Najt et al. 2014). The PAT domain is followed by an 11-mer helical
pattern of variable size, which might interact with phospholipids (Bussell and Eliezer
2003). Some PLIN proteins can be post-translationally modified by phosphoryla-
tions, via PKA, during lipolysis (PLIN3 and PLIN4 do not have a phosphorylation
site (Kimmel and Sztalryd 2016)). Recently, the sixth clade of Perilipin, called
PLIN6, has been discovered, specific to teleosts (Granneman et al. 2017). Interest-
ingly, PLIN6 is not expressed in tissues associated with lipid metabolism but in the
xanthophores of teleost skin. Biochemical analyses have shown that PLIN6 is
associated with the surface of droplets enriched in carotenoids and regulates the
pigment synthesis pathways (Granneman et al. 2017).

The expression of PLINs (with the exception of PLIN3) is regulated by a family
of transcription factors called PPAR (Peroxisome Proliferator Activated Receptor).
These transcription factors are activated by the binding of lipid ligands (Poulsen
et al. 2012).
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Since the early 2000s, at least 25 proteomic studies of the LD of mammalian cells
or tissues have been published (Table 11.2). In all these studies, proteomics reveals
the presence of at least one of the classes of PLIN on the surface of the mammalian
LD. It can also be seen that the distribution of the PLINs varies according to
mammalian cells and tissues. PLIN1 and PLIN4 are present on the surface of LDs
of adipocytes (Ding et al. 2012a) and adipose tissue (Yu et al. 2015). PLIN2 and
PLIN3 are ubiquitous in non-adipose tissues. PLIN2 is strongly expressed on the
surface of LDs of the liver and hepatocytes. PLIN5 is present in the oxidative tissues
i.e. the heart, brown adipose tissue, and skeletal muscles (Kimmel and Sztalryd
2014).

Functional studies of PLIN have been performed upstream and downstream of
proteomic studies. KO mice for PLIN1 have a phenotype of reduction of fat mass, an
increase of the lipolytic activity, but also a glucose intolerance and peripheral insulin
resistance (Tansey et al. 2001). Stimulation of lipolytic activity by tumor necrosis
factor (TNF-α) showed, in a first study, a decrease in the expression of PLIN1
variants. However, the overexpression of PLIN1a and PLIN1b blocks the ability of
TNF-α to increase lipolysis in 3T3-L1 cells (Souza et al. 1998). KO mice for PLIN2
present unchanged adipose differentiation, a 60% decrease in hepatic TAGs, but a
level of VLDL identical to control mice suggesting the retention of TAGs in the
microsomes (Chang et al. 2006). Overexpression of PLIN2 fused to GFP causes an
increase in the number and size of LDs in hepatocytes (Imamura et al. 2002). A first
antisense study of hepatic PLIN2 causes a decrease in hepatic steatosis,
hypertriglyceridemia, and insulin resistance in obese mice without altering the
level of expression of PLIN3 and PLIN4 (Imai et al. 2007). A second antisense
study of PLIN2 shows the same type of result with a decrease in DAG and TAG in
the liver as well as an improvement in insulin production (Varela et al. 2008).
Finally, deletion of the PLIN2 exon 5 (Plin2Δ5) in mice causes resistance to obesity
induced by a diet rich in fats indicating the role of PLIN2 in obesity and hepatic
steatosis (Mcmanaman et al. 2013). The deletion of PLIN3 in mice induces cold
tolerance (Lee et al. 2018), probably by regulating beige adipocyte formation and
thermogenic activities. The deletion of PLIN4 leads to decreased expression of
PLIN5 reducing lipid accumulation in the cardiac muscle (Chen et al. 2013). KO
of PLIN6 is responsible for stopping the concentration of carotenoids in the droplets
(Granneman et al. 2017).

Arthropoda

Research on LDs of Arthropoda was mainly carried out in the fruit fly Drosophila
melanogaster. LD research began with two RNAi screens (Beller et al. 2008; Guo
et al. 2008) showing that approximately 370 genes, or 1.5% of the expressed
genome, were involved in LD physiology. A first proteomic study was conducted
on the abdominal fat body, the fat tissue of the fly, which allowed the identification
of 248 proteins (Beller et al. 2006). A second study was conducted on whole
embryos (Cermelli et al. 2006). The proteomes of the LD of D. melanogaster have
similarities with those of mammals. There are, for example, two members of the
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PLIN family (DmPLIN1 and DmPLIN2) in the fat body abdominal, as well as the
CGI-58 protein in the whole embryo proteome. As a result, Drosophila has been
considered an interesting model for studying the role of LDs in the context of human
pathologies. The conservation of LD-associated proteins is not complete, since
PLIN3, PLIN4, and PLIN5 appear to be restricted to vertebrates. DmPLIN1 is
present only on the surface of LDs and is involved in promotion/prevention mech-
anisms for lipolysis (Bi et al. 2012). DmPLIN1 contains four helices in the central
region of the protein, capable of binding lipid compounds (Arrese et al. 2008; Lin
et al. 2014). Mutant flies deficient of DmPLIN1 have larger LDs. Single and giant
LDs within the fat body of these mutants have also been found to confer an obesity
phenotype (Beller et al. 2010). DmPLIN2 is present in the cytoplasm and on the
surface of LDs (Beller et al. 2010). DmPLIN2 only plays a role in the prevention of
lipolysis (Bi et al. 2012). DmPLIN2 mutants have smaller LDs (Li et al. 2012). The
double mutant fly DmPLIN1/DmPLIN2 presents a marked reduction of LD size;
however, LDs are still present in these mutants suggesting that there is an additional
mechanism regulating lipid storage and lipolysis. DmHSL (Hormone-Sensitive-
Lipase) is a lipase participating in lipolysis and interacting with DmPLIN1
(Bi et al. 2012). A complementary analysis of the CG2254 protein identified in the
proteome of LDs from Drosophila abdominal cells (Beller et al. 2006) showed that it
was LD subset dehydrogenase 1 (Lsdsh1) (Thul et al. 2017).

Interestingly, the study of Drophila LDs has highlighted an unsuspected role in
the homeostasis of histones within the cell, a function that may be more frequent in
eukaryotes than initially thought. Histones were first identified in the LD proteome
of Drosophila embryos (Cermelli et al. 2006). These histones are not detected in the
fat body abdominal proteome (Beller et al. 2006). These results were confirmed by a
secondary study of the Jabba protein that co-immuno-precipitates with histones
(Li et al. 2012). The presence of histones H2A, H2B, and H4 was also observed in
the tobacco sphinx Manduca sexta (Soulages et al. 2012). Finally, it has recently
been shown that histone H2Av was dynamically associated with D. melanogaster
LD during cleavage and syncytial blastoderm stages (Johnson et al. 2018).

A recent study also investigated the protein ABHD4/ABHD5 (CGI-58) in Dro-
sophila (Hehlert et al. 2019). The mutation of the pummelig (puml) gene encoding
CGI-58 causes abnormal accumulation of TAG in mutant flies as well as a change in
the FA profile of TAGs in Malpighian tubules (kidneys). In contrast to mammals, the
Drosophila puml does not stimulate ATGL lipase activity (brummer) in vitro
(Hehlert et al. 2019).

Proteomic studies of LDs have also been performed in other arthropod models
such as the tobacco sphinx Manduca sexta (Soulages et al. 2012) or Anopheles
aquasalis (Dias-Lopes et al. 2016), an important vector of Plasmodium virax, the
main human malarial parasite in the Americas.

Nematoda

The nematode Caenorhabditis elegans is a worm constituting a popular study model
for the study of apoptosis, embryonic development, and cellular aging. This
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nematode has LDs measuring 1–1.5 μm in diameter in its intestine and in the
hypodermis. Three proteomic studies of C. elegans LDs have been performed
(Zhang et al. 2012; Na et al. 2015; Vrablik et al. 2015). The first shotgun proteomic
analysis allowed the identification of 306 proteins of which 193 were known to be
associated with mammalian LDs (Zhang et al. 2012). This first study identified the
DHS-3 protein on the surface of the LD via a GFP fusion. A second proteome of the
LD of C.elegans allowed the identification of 154 proteins of which 113 are common
with the first proteome (Na et al. 2015). DHS-3 and MDT-28 are the two major
proteins in C. elegans LD. The deletion of the dhs-3 gene causes a decrease in the
size of LDs as well as the amount of their TAG. The mdt-28 mutant causes the
formation of LD aggregations (Na et al. 2015). A third proteome compared the LD
protein composition of a C. elegans wild type and high daf-2 (e1370) fat mutant
(Vrablik et al. 2015). Using a GFP construct, the ACS-4 protein, an acyl-CoA
synthase, was localized at the surface of the C. elegans LD. It has long been thought
that PLINs were lost in C. elegans. However, three isoforms of mammalian PLINs
have been identified: PLIN-1a, PLIN-1b, and PLIN-1c. These isoforms have an
N-terminal PAT domain, an amphiphilic region with imperfect helices, and four
C-terminal helices (Chughtai et al. 2015). The C. elegans genome seems to also code
for several sequences of the LD protein actors ABHD4 (CeLid-1) and ABHD5/CGI-
58 (CeAbhd5.2) (Lee et al. 2014; Xie and Roy 2015).

Fungi

Saccharomyces cerevisiae is a widely used model for studying lipid biology because
the synthetic pathways in the ER are similar to those of plants and animals (Koch
et al. 2014). LDs measure about 400 nm in this organism. The hydrophobic core of
LDs of S. cerevisiae is composed of TAGs grouped in the center and surrounded by
the steryl ester molecules (Leber et al. 1994; Czabany et al. 2008). There is also a
minor proportion of squalene and sterols. The monolayer of phospholipids consists
of PC, PI, PE, PA, and PS (Tauchi-Sato et al. 2002; Grillitsch et al. 2011). The
proteome of the LD highlighted proteins that contribute to the synthesis of the
hydrophobic core, such as sterol-Δ24-methyltransferase, squalene epoxidase, and
lanosterol synthetase (Leber et al. 1994; Athenstaedt et al. 1999) (Table 11.2). In
Pichia pastoris, the polar lipid monolayer is mainly composed of PC and PE but
there is also a lower proportion of PI, PS, PA, cardiolipin, lysophospholipids, and
1,2-dimyristoyl-sn-glycero-3-phosphoethanolamine (DMPE) (Ivashov et al. 2013)
(Table 11.2). Studies have also been conducted in other models such as Yarrowia
lipolytica (Athenstaedt et al. 2006), Mortierella alpina (Yu et al. 2017), Cryptococ-
cus albidus (Shi et al. 2013), Trichosporon fermentans (Shen et al. 2016),
Schizosaccharomyces pombe (Noothalapati Venkata and Shigeto 2012), or
Rhodosporidium toruloides (Zhu et al. 2015). Identified proteins comprise a majority
of orthologues of S. cerevisiae and one can deduce from this analysis the enzymatic
functions related to the synthesis of ergosterol, phospholipids, sphingolipids, but
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also proteins involved in the metabolism of fatty acids and degradation of non-polar
lipids (Table 11.2).

11.3.3.2 Amoebozoa

Only one study of LD was recorded for Amoebozoa in the model species
Dyctyostelium discoideum. D. discoideum is an amoeba living on dead leaves in
forests, phagocyting bacteria, or yeasts (Malchow et al. 1967). LDs ofD. discoideum
are composed of TAG, free fatty acid, and more than 10% of an unknown lipid
(Table 11.2). Proteomic analysis of the LD of D. discoideum reveals 72 proteins
including one perilipin (plnA) (Du et al. 2013). The expression of plnA in CHO cells
allowed their localization to the surface of LDs (Miura et al. 2002). Fifteen lipid
metabolism enzymes, 31 small GTPases belonging to the Rab family, eleven
endoplasmic reticulum component proteins, and six cytoskeletal associated proteins
were also identified.

In non-photosynthetic eukaryotes, LD studies support the general conservation of
the architecture including some classes of perilipins, but with a striking diversifica-
tion of proteins associated with the LDs likely associated with specialized functions.
A role in histone homeostasis may be an important innovation in eukaryotes. The
biogenesis process from the ER seems also conserved, with SEIPIN-associated
machineries. Enzymes involved in the biosynthesis of TAGs, also lipases and pro-
teins involved in lipolysis, such as CGI-58, seem to be the markers of LD evolution.
However, the molecular function of CGI-58 seems to differ in the various clades of
non-photosynthetic eukaryotes studied so far, a functional ‘flexibility’ which is also
observed in photosynthetic eukaryotes (see below).

11.3.3.3 Photosynthetic Eukaryotes Originating from Primary
Endosymbiosis

The acquisition of the primary chloroplast occurred when an unknown eukaryotic
organism integrated a Gram-negative cyanobacterium (Petroutsos et al. 2014;
Maréchal 2018). This event led to the emergence of a photosynthetic organelle
with two membranes (inner and outer membranes of the envelope) called the plastid.
Based on the machinery of photosynthetic pigments (Archibald and Keeling 2002;
Petroutsos et al. 2014; Maréchal 2018), three lineages appeared. The green lineage of
primary endosymbionts corresponds to Viridiplantae. This lineage includes
Chlorophyta (“green algae”) and Streptophyta (commonly called “plants”). The
photosynthetic machinery is composed of chlorophyll a and b. The red lineage of
primary endosymbionts consists of Rhodophyta or “red algae”. These organisms
have chlorophylls a and c associated with phycobilin. The ‘blue’ lineage of primary
endosymbionts corresponds to Glaucocystophytes (Cyanophora paradoxa), having
a chloroplast with a residual cell wall rich in peptidoglycans. Chlorophyll a is
associated with phycocyanin and allophycocyanin. Primary endosymbiosis has
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long been considered a unique event during evolution. The study of Paulinella
chromatophora (a photosynthetic amoeba) has shown that a second, more recent,
primary endosymbiosis event (60–100 million years ago) occurred between
cyanobacteria and an amoeba (Maréchal 2018). This endosymbiosis led to the
formation of an organelle also limited by two membranes, called the chromatophore.

In contrast to non-photosynthetic eukaryotes, in which FA biosynthesis occurs in
the cytosol, FAs are synthesized in the stroma of the chloroplast and then exported to
the cytosol. On the one hand, chloroplasts contain LD, called plastoglobules. On the
other hand, the plastid appears to play a role in the production of TAG and
biogenesis of cytosolic LDs in some of the lineages of photosynthetic eukaryotes.
Stronger cooperation of the ER and plastid in LD formation may therefore be an
important innovation in these primary endosymbionts. This may also be related to
the loss of perilipins and the emergence of specific LD-associated proteins. Our
understanding of LD evolution in primary endosymbionts is mainly based on
analyses performed in Chlorophyta and land plants (Embryophyta, mostly in
Angiosperms).

Chlorophyta

Chlamydomonas reinhardtii is a green alga that accumulates oils in the form of LDs
following environmental stresses such as a nitrogen deficiency or an increase in
salinity. A proteomic study of LD performed in C. reinhardtii highlighted a Major
Lipid Droplet Protein (MLDP) of 27 kDa (Moellering and Benning 2010; James
et al. 2011; Nguyen et al. 2011). The phenotype of a mldp mutant suggests that
MLDP is involved in the regulation of LD size (Moellering and Benning 2010). A
33 kDa homolog of MLDP was also found in Haematococcus pluvialis (Peled et al.
2011) as well as in three Dunaliella species (Davidi et al. 2012). MLDP was also
detected in Scenedesmus quadricauda during salt stress or nitrogen deficiency
(Javee et al. 2016). MLDP orthologues are also present in several species of
Chlorophyta: Volvox carteri, Haematococcus pluvialis, Dunaliella salina,
Coccomyxa sp., Chlorella variabilis, Polytomella parva, Prototheca wickerhamii,
andMicromonas pusilla CCMP1545 (Goold et al. 2015). A 28 kDa caleosin protein
was shown to be the major protein in the LD of Chlorella sp. (Lin et al. 2012). The
size of LDs of Chlorella can reach 3 μm (Lin et al. 2012). The caleosin localization
was specifically determined on the surface of the LD by immunostaining with gold
beads (Pasaribu et al. 2014a). In these studies, caleosins first characterized in plants
(see below) seem to be conserved LD-associated proteins.

Plantae

Plants accumulate LDs in both vegetative and reproductive tissues (Chapman et al.
2012). The involvement of LDs in the physiology and development of plants are
currently little known. The LD proteins of plants are divided into three functional
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groups: (1) oleosins; (2) caleosins, steroleosins, and dioxygenases; and (3) the pro-
teins associated with the LD.

Oleosins were the first proteins characterized on the surface of LDs of Zea mays
seeds (Qu et al. 1986; Vance and Huang 1987). By their small molecular weight
(15–26 kDa), oleosins are very abundant proteins on the surface of LDs of plants.
Structurally, the oleosins are divided into three portions: (1) a short and amphiphilic
N-terminal peptide, (2) a C-terminal amphiphilic peptide of varying length, and (3) a
hydrophobic pin of nonpolar amino acids penetrating the monolayer of phospho-
lipids on the surface of the LD (Huang 2018). The N- and C-terminal peptides form
receptor binding lipases and other proteins involved in TAG degradation (Huang and
Huang 2015). The 72 amino acid pin is a specificity of oleosins (Kory et al. 2016),
thus differing from major LD proteins of mammals (PLINs 1-6) or bacteria (Phasin).
The pin is also divided into three portions, consisting of two 30-amino acid arms
connecting a loop consisting of three prolines (P) and one serine (S) forming a
structure called the “Proline Knot” inserted into the hydrophobic core (Chapman
et al. 2012; Abell et al. 1997). The secondary structure of the loop has not
been defined yet. Seventeen genes code for the oleosins in Arabidopsis: five in the
seed, three jointly in the seeds and pollen grains, and nine in the floral cells of the
tapetum.

In a bioinformatic study, oleosins could be classified into six major lineages
(Huang and Huang 2015): the primitive lineage evolving from green algae to
Filicophyta (ferns), the universal lineage (U oleosin) for which genes are present,
and Bryophyta (mosses) to higher plants. The universal U line then evolved to
specialize in particular structures such as seed-specific oleosins with the Low and
High Molecular Weight Seed Oleosin (SH) lines in Angiosperms. Oleosins also
specialized in Brassicaceae with the tapetum T line and the M line for oleosins in the
Lauraceae mesocarp (avocado) (Kilaru et al. 2015).

Caleosins, stereoleosins, and dioxygenases are grouped into a single cluster
because they have a common enzymatic function in the stress response (Huang
2018). Caleosins are enzymes that have been found in microsomes (Frandsen et al.
1996). Caleosins, like oleosins, have a hydrophobic as well as a “proline knot”motif
(Huang 2018). A recent study showed that two of the hairpin prolines (P116 and
P125) were not essential for LD binding (Müller et al. 2016). Caleosins have an
N-terminal EF hand-type calcium binding motif (Chen et al. 1999), a peroxygenase
activity (Hanano et al. 2006), and several phosphorylation sites. The genome of
Arabidopsis thaliana codes for eight caleosins expressed in different structures
(Shimada and Hara-Nishimura 2015).

Steroleosins (sterol dehydrogenases) have only two structural domains: a hydro-
phobic N-terminal region and a C-terminal region having a sequence close to the
mammalian hydroxysteroid dehydrogenase (HSD) domain. Steroleosins also have a
semi-conserved hydrophobic pin similar to that of oleosin, but of a size similar to
that of caleosin (Huang 2018). They are also class I proteins such as oleosins and
caleosins (Kory et al. 2016). In contrast to oleosins and caleosins, steroleosins do not
have a “proline knot”motif but a “proline knob” (Chapman et al. 2012). Steroleosins
are particularly studied because they are capable of converting sterols into
brassinosteroids (Baud et al. 2009), a class of phytohormones.
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Dioxygenases (α-DOX) have also recently been found to be associated with LDs
in leaves of senescent Arabidopsis thaliana cells (Shimada et al. 2014). A. thaliana
has two homologs of these dioxygenases (Atα-DOX1 and Atα-DOX2). Atα-DOX1
is localized on LDs of leaves and Atα-DOX2 is located in the ER (Shimada et al.
2014). These enzymes produce an oxylipin (2-HOT) from α-linolenic acid (18:3).
These molecules participate in defense mechanisms in response to biotic and abiotic
stresses (Shimada and Hara-Nishimura 2015).

Not all LD proteins listed above belong to the same LDs. Indeed, in plants,
cytosolic LDs are divided into two groups: oleosin-based lipid droplets (OLDs) and
non-oleosin-based lipid droplets (NOLDs) (Laibach et al. 2015).

Seeds are the most studied structure for the understanding of OLDs because they
are able to accumulate TAGs in the form of LDs reserve to support germination after
the end of the dormancy phase (Huang 1996). In special cases such as jojoba seed
(Simmondsia chinensis), LDs can contain cerides (Yermanos 1975). These LDs are
small (between 0.5 and 1.5 μm) conferring a large surface area per unit of TAGs,
facilitating the binding of lipases during germination (Huang and Huang 2015).
Numerous proteomic studies have been performed in plant models: Brassica napus
(Katavic et al. 2006; Jolivet et al. 2009), Arabidopsis thaliana (Jolivet et al. 2004;
Vermachova et al. 2011), Sesamum indicum (Lin et al. 2005), Jatropha curcas
(Popluechai et al. 2011; Liu et al. 2015), Madia sativa (Acevedo et al. 2012),
Gevuina avellana (Acevedo et al. 2012), Zea mays (Tnani et al. 2011), Camelina
sativa (Jolivet et al. 2013), or Arachis hypogaea (Jolivet et al. 2013). These
proteomic analyses show that LDs are covered with oleosins with a minor presence
(less than 5%) of caleosin and steroleosin (Chapman et al. 2012; Murphy 2012).
Oleosins are involved in regulating the size and stability of LDs of seeds (Chapman
et al. 2012). LDs have also been characterized in the tapetum cells of the anther
(Hsieh and Huang 2004) and in pollen grains and pollen tubes (Kretzschmar et al.
2018). A focused study on PUX10 (Plant UBX Domain-containing Protein 10)
whose localization was confirmed by fusion with enhanced GFP (eGFP) on the
surface of LDs during embryonic development, seed germination, and pollen tubes,
showed that PUX10 recruits by its UBX domain an AAA-type ATPase Cell Cycle
48 (CDC48) that facilitates the transfer of polyubiquitinated protein to the 26S
proteasome (Kretzschmar et al. 2018).

LDs are also present in Arabidopsis thaliana leaves. The number of LDs is very
low in healthy leaves. LDs accumulate more in the leaves in the senescence phase
(Shimada et al. 2015) with a variable size of 1–18 μm (Lersten et al. 2006). In
particular, the expression of A. thaliana caleosin-3 as well as Atα-DOX1 increases
during senescence (Shimada et al. 2014). Proteomic analysis of the LD of aging
leaves of A. thaliana was performed: 28 proteins including 9 enzymes involved in
the secondary defense metabolism of the plant were identified (Brocard et al. 2017).
The analysis also revealed the presence of the Small Rubber Particle 1 (AtSRP1)
protein. Functional analysis of AtSRP1 reveals that this protein modulates the
expression of caleosin-3 in aging leaves. In addition, overexpression of AtSRP1
induces an increase in 18:3 enriched TAG accumulations from galactolipid recycling
of thylakoids (Brocard et al. 2017).
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LDs of the fruit mesocarp can reach sizes of 10–20 μm, placing them at the top of
the ranking of the largest observable LDs in eukaryotic cells (Horn et al. 2013).
Proteomic analysis of the mesocarp of the avocado (Persea americana) allowed the
identification of two LDAP1 and LDAP2 associated proteins (Lipid Droplet-
Associated Proteins 1 and 2), which also showed homologies of sequences with
Small Rubber Particle Proteins (SRPP) (Horn et al. 2013). Type M oleosins specific
to the Lauraceae family have been described in avocado (Huang 2018).

NOLDs include two special cases: rubber particles and plastoglobules. More than
20,000 species of higher plants can accumulate rubber particles within their vegeta-
tive organs (Hagel et al. 2008).Hevea brasiliensis is the main source of latex used by
humans. Latex is a colloidal white suspension composed of rubbery and non-rubbery
particles, organelles, proteins, lipids, carbohydrates, and minerals. These particles
have a hydrophobic core consisting of cis-1,4-polyisopropene surrounded by a
monolayer of phospholipids in which proteins are bound (Berthelot et al. 2014).
The proteome of the rubber particles revealed two major proteins: the SRPP and the
Rubber Elongation Factor (Sando et al. 2009).

Finally, plastoglobules are special LDs synthesized inside the chloroplast
(Bréhélin et al. 2007). Plastoglobules are continuous with the outer monolayer of
thylakoids in higher plants, which is supposed to facilitate the exchange of metab-
olites (Van Wijk and Kessler 2017). Plastoglobules have been less studied than
cytosolic LDs. Analyses support that they have a hydrophobic core containing three
classes of molecules: (1) neutral lipids (TAGs, phytol esters, and free fatty acids),
(2) tocopherols and quinones (α-tocopherol, plastoquinol-9, plastochromanol-8, and
Vitamin K1), and (3) linear carotenoids (lycopene), cyclic carotenoids (lutein and
xanthophylls), and carotenoid esters (Van Wijk and Kessler 2017). These molecules
are surrounded by a monolayer of amphiphilic lipids (monogalactosyldiacylglycerol,
MGDG; digalactosyldiacylglycerol, DGDG; sulfoquinovosyldiacylglycerol,
SQDG) in which proteins are embedded. Proteomic analyses of several study models
(the chromoplast of red pepper Capsicum annuum and the green microalgae
Dunaliella bardawil and Chlamydomonas reinhardtii) have allowed the identifica-
tion of about 30 proteins (Kreimer 2009; Davidi et al. 2015). The protein mainly
represented on the surface of plastoglobules is Plastid-lipid Associated Protein,
Fibrillin (PAP/Fibrillin) (Youssef et al. 2010). This 30-kDa protein does not have
transmembrane segments.

11.3.3.4 Photosynthetic Eukaryotes and Non-photosynthetic Relatives
Originating from a Secondary Endosymbiosis

Secondary endosymbioses are events that have occurred several times during the
evolution of eukaryotes (Petroutsos et al. 2014). Two main types of lineages have
emerged as a result of these evolutionary events: (1) green lines resulting from the
integration of a green alga within an unknown heterotrophic eukaryotic organism,
leading to the appearance of Euglenozoa and Chlororarachniophytes and (2) the red
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lines resulting from the integration of a red alga inside a eukaryotic organism
forming the polyphyletic group of Chromalveolata.

Organisms from the Green Lineage: Euglenozoa

At least two independent events of secondary endosymbiosis between a green alga
and an unknown heterotrophic eukaryotic organism led to the appearance of
Euglenozoa and Chlororarachniophytes (Petroutsos et al. 2014; Füssy and Oborník
2018). Chlororarachniophytes (Bigelowiella natans) contain a four-membrane chlo-
roplast and a residual nucleus, called the nucleomorph, located between the two most
internal and external membranes of the chloroplast (Petroutsos et al. 2014). To our
knowledge, no data are available on LD formation in Chlororarachniophytes.
Euglenozoa comprises photosynthetic species with a chloroplast bounded by three
membranes but also parasitic species devoid of any chloroplast (Petroutsos et al.
2014). Several studies report that parasitic organisms such as Trypanosoma cruzi,
the agent of Chagas disease (D’avila et al. 2011), are capable of inducing the
formation of large LDs in macrophages. In photosynthetic organisms, Euglena
gracilis is a microalga living in freshwater, interesting for the research of alternatives
to petroleum resources because it accumulates wax esters inside LDs in nitrogen
starvation. These wax esters come from the conversion of a crystalline β-1,3-glucan,
paramylon. Wax esters can be used as fuel for aviation but also as biofuel after
refining (Guo et al. 2017). To our knowledge, there is no detailed study of the
structure of the LD of E. gracilis.

Organisms from the Red Lineage: Chromista/Chromalveolates

Apicomplexa (Containing a Non-photosynthetic Plastid)

Apicomplexa is a phylum grouping unicellular parasitic organisms responsible for
many diseases in metazoans such as malaria or toxoplasmosis. As noted previously
with pathogenic bacteria, parasitic Euglenozoa or HCV parasites, these organisms
are also able to divert the lipid metabolism of the host by inducing the formation of
LDs or by modifying their architecture. One of the most commonly studied
Apicomplexa models is Toxoplasma gondii, the toxoplasmosis agent. T. gondii
replicates in mammalian cells in a parasitophorous vacuole. Toxoplasma induces
an increase in the catalytic activity of the host DGAT, which leads to diversion of
lipid metabolism toward TAGs and guarantees the import of FAs (Hu et al. 2017).

Dinophyta

Dinophyta or Dinoflagellates are photosynthetic protists, but also mixotrophic and
heterotrophic, with two flagella allowing them to move (Sardet 2013). There are
symbiotic forms of Dinoflagellates, especially with corals. LDs are present in hosts
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and symbionts of coral-dinoflagellate endosymbiosis (Kellogg and Patton 1983).
The first proteomic analysis of the gastrodermale LDs of Euphyllia glabrescens
(Cnidaria) revealed the presence of 42 proteins involved in the metabolism of lipids
and proteins as well as in the response to some stresses (Peng et al. 2011). A second
proteomic analysis of LDs of Symbiodinium sp. associated with coral tentacles of
Euphyllia glabrescens, highlighted a 20 kDa Symbiodinium Lipid Droplet Protein
(SLDP) that plays a role in the structural and functional stability of the LD (Pasaribu
et al. 2014b). Proteomic analysis of LDs of isolated Symbiodinium spp. has also been
performed (Jiang et al. 2014). This study did not reveal the presence of SLDP but of
several proteins involved in lipid metabolism (Sterol transfer family protein), cell
signaling (14-3-3 protein, ADP ribolysis factor), stress response (HSP90), and
energy metabolism (ATP synthase F1 subunit α, GTP binding protein).

Haptophyta

Haptophyta include photosynthetic species forming extracellular shells of calcium
carbonate (coccolithophores’ coccospheres) and non-calcified cell walls (Cavalier-
Smith 1986). A proteomic study was carried out in the non-calcareous haptophyta
Tisochrysis lutea, formerly Isochrysis aff. galbana (Bendif et al. 2013). This
microalga is interesting for the aquaculture industry because it is enriched in DHA
(Hubert et al. 2017). It is also known to accumulate a particular neutral lipid in place
of TAGs: an alkenone, a very long chain ketone (C37 to C40), within an alkenone
body (AB) (Marlowe et al. 1984a, b). The purification of LDs highlighted the
presence of 74.2% of alkenone (C37 and C38), 24.6% of other lipids, and 1.2% of
alkene. Proteomic analysis revealed the presence of 514 proteins on the surface of
T. lutea AB, of which three are predominant: a V-ATPase identified previously in a
proteomic analysis in nitrogen deficiency (Song et al. 2013), an SPFH (Stomatin/
Prohibitin/Flotillin/HflK) domain-containing protein, localized in the endoplasmic
reticulum, associated with a lipid raft and a hypothetical protein (Shi et al. 2015).
With the exception of SPFH, the transition between a rich medium and a low
nitrogen medium causes an increase in the expression of the target genes encoding
T. lutea AB proteins (Shi 2019).

Heterokonta

Heterokonta (or Stramenopiles) constitute a superphylum in the Chromista kingdom
(Cavalier-Smith 2018). Five proteomic studies were performed in four model spe-
cies: Nannochloropsis oceanica (Vieler et al. 2012), Phaeodactylum tricornutum
(Yoneda et al. 2016; Lupette et al. 2019), Fistulifera solaris (Nojima et al. 2013),
and Aurantiochytrium limacinum (Watanabe et al. 2017). The first study conducted
with N. oceanica (Vieler et al. 2012) revealed a 16.8 kDa Lipid Droplet Surface
Protein (LDSP) by proteomic analysis. This protein is present in the six species of
Nannochloropsiswith functional features close to plant oleosins as well as MLDP of
Chlamydomonas reinhardtii. The second proteomic study in diatoms concerns the
pennate diatom Fistulifera solaris (Nojima et al. 2013). The authors did not detect
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any major band and the purification seems to involve protein contaminations. By
subtracting the protein purification proteins from the soluble fraction, the authors
identified fourteen candidate proteins. By searching for conserved domains, one of
the identified proteins has a quinoprotein-alcohol dehydrogenase-like domain
detected in the proteome of LDs of Camelina sativa seed (Jolivet et al. 2013) but
has no hydrophobic domain. This protein of 506 amino acids was named DOAP1
(Diatom-Oleosome-Associated-Protein 1). Based on a fusion between GFP and the
N-terminal signal sequence of DOAP1 (Maeda et al. 2014), this protein was initially
present in the ER. The third model characterized is the pennate diatom
Phaeodactylum tricornutum. A first proteomic study allowed the identification of
five major proteins on the surface of the LD of P. tricornutum, including the
Stramenopile LD Protein (StLDP) (Yoneda et al. 2016). This class I protein was
localized to the surface of the LD by fusion with a GFP protein (Yoneda et al. 2018).
By optimization of the P. tricornutum LD purification protocol, a second study was
carried out in this organism (Lupette et al. 2019). The proteome of the LD is
composed of 86 proteins including most notably the LD-protein StLDP, metabolic
actors, organelle membrane-associated proteins, proteins implicated in the treatment
of genetic information, or chaperones involved in protein quality control. The
hydrophobic core is only made of TAG surrounded by a monolayer of polar lipids
consisting of PC, SQDG, and two molecular species (20:5–16:1 and 20:5–16:2) of
diacylglycerylhydroxymethyltrimethyl-β-alanine (DGTA), a betaine lipid. A sterol
probably located in the polar lipid monolayer, brassicasterol, was also detected and
specific enrichment of β-carotene has been observed (Lupette et al. 2019). A last
proteomic study was recently conducted on the model Aurantiochytrium limacinum
F26-b, a non-photosynthetic unicellular microalga classified as Heterokonta. This
microalga is particularly studied for its biotechnological potential because it is
a species rich in DHA (22:6) (Dellero et al. 2018a, b; Morabito et al. 2019). A
proteomic study of the LD fraction of A. limacinum F26-b identified a
Thraustochytrid-specific Lipid Droplet Protein 1 (TLDP1) (Watanabe et al. 2017).
A mutant of tldp1 shows a decrease in the amount of TAG and the number of lipid
droplets per cell. However, larger and irregular LDs are observed in this mutant.
TLDP1 may regulate the accumulation of TAGs as well as the size and number of
LDs in A. limacinum F26-b (Watanabe et al. 2017).

Based on all these analyses of secondary endosymbionts, it appeared that major
LD proteins are specific to distinct clades and that their origin needs to be traced in
evolution. Lipids associated with the few LDs analyzed to date sometimes include
plastid lipids together with ER lipids, suggesting cooperation of these two organelles
in LD biogenesis. Detection of lipases, often associated with mitochondrial and/or
lysosomal processes, further suggests a conserved role of mitochondria and lyso-
somes in the mobilization of FAs deriving from TAG stored in cytosolic LDs.
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11.4 Lipid Droplets Are Dynamic Structures

LDs are dynamic subcellular structures, most often transient, rarely stable. Their
development includes an intense phase of biosynthesis of the hydrophobic molecules
that constitute its core (anabolism) and the biosynthesis and the arrangement of the
barrier located at the periphery (a monolayer of polar lipids, most often
phosphoglycerolipids, and proteins, either embedded in this monolayer or associated
more or less transiently).

11.4.1 Anabolism of PHA and TAG

11.4.1.1 PHA Biosynthesis

PHA biosynthesis routes have been recently reviewed by Możejko-Ciesielska and
Kiewisz (2016). Depending on the length of the PHA chain, several pathways exist.
For short-chain PHA, a direct pathway involves three enzymes: a β-ketothiolase
(PhaA), an acetoacetyl-CoA reductase (PhaB), and a PHA synthase (PhaC). For
medium chain PHA, several pathways are possible: (1) a synthetic pathway involv-
ing β-oxidation resulting in the formation of R-3-hydroxyacyl-CoA that is converted
by PhaC to PHA; (2) a synthetic route involving elongation of acetyl-CoA, via de
novo synthesis of fatty acids; and (3) a synthetic route generating precursors of
3-hydroxyacyl-CoA.

11.4.1.2 TAG Biosynthesis

The hydrophobic core of LDs described in eukaryotes contains predominantly
TAGs. The synthesis of TAGs can be carried out by two main pathways at the
level of the endoplasmic reticulum (the so-called “eukaryotic” pathway): (1) an acyl-
CoA dependent pathway commonly referred to as the Kennedy pathway (Fig. 11.2),
(2) an acyl-CoA independent pathway involving phosphatidylcholine (PC) as an
acyl donor, and (3) a specific route of synthesis of TAGs in the chloroplast.

11.4.2 Biogenesis of the Lipid Droplet

11.4.2.1 Biogenesis of PHA Granules in Prokaryotes

There are currently two models for the in vivo formation of PHA granules in
prokaryotes: (1) a model based on the formation of micelles of PHA synthases
(PhaC) and (2) a model based on the budding of PHA granules from the cytoplasmic
membrane (Pötter and Steinbüchel 2006). The model based on the formation of
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micelles of PHB synthases is currently the most accepted (Haywood et al. 1989). We
do not know if any of these processes has been transferred to a eukaryotic system.

11.4.2.2 Biogenesis of Cytosolic TAG Droplets in Eukaryotes

The general principles of the biogenesis mechanism seem to be similar in
non-photosynthetic and photosynthetic organisms (Fig. 11.2—TAG synthesis).
The first step consists of the synthesis of TAG at the level of the ER, through the
Kennedy pathway (see Sect. 11.3.1.2). Following the synthesis of TAGs, a “lens” of
neutral lipids (TAGs and sterol esters) develops within the bilayer of the ER at
particular nucleation sites (Fig. 11.2—Nucleation) (Pol et al. 2014; Wilfling et al.
2014). A number of pre-droplets are formed in the ER from freely diffusing TAG
molecules, but only a small proportion of them will ultimately form a lipid droplet.
The lifespan of these lipid pre-droplets is estimated at a few milliseconds (Khandelia
et al. 2010). This phenomenon leads to an energy optimum called a nucleation
barrier (Thiam and Forêt 2016). The homogeneity of the phospholipid bilayer of the
reticulum is also an important parameter to take into account the success of nucle-
ation. Indeed, on a uniform bilayer, the nucleation of LDs could occur randomly.
However, the phospholipid bilayer of the ER is heterogeneous in its biochemical
composition. There are therefore specific sites where the nucleation energy is lower.
Nucleation can be favored by four different phenomena: (1) the curvature of the
membrane developing hydrophobic defects favorable to the accumulation of TAG,
(2) the synthesis sites of TAGs defined by the presence of DGATs, or other synthetic
enzymes such as PDATs, (3) the presence of proteins (SEIPIN, FIT, PLINs, ACSL)
inducing curvature in decreasing the bending energy of the membrane, and (4) the
presence of proteins and/or lipids interacting with TAGs (Thiam and Forêt 2016).

Following the formation of this lens, budding (Fig. 11.2—Budding) of the LD
occurs on the cytoplasmic side of the ER (Walther et al. 2017). This polarized
budding of LDs follows an unknown mechanism. In humans, it has been proposed
that an ER protein, FIT2 (Fat-inducing transcript 2), was involved in the polarization
of budding (Choudhary et al. 2016). There are currently several models concerning
the growth of the LD, including the coalescence and Ostwald ripening (Thiam et al.
2013b). Coalescence is a physical mechanism corresponding to the fusion of two
identical substances (in our case, the fusion of two LDs). When an emulsion of oil
and water is vigorously mixed, the fusion of LDs with each other is observed to form
a giant lipid droplet reflecting the separation between the oil and the water. Ostwald
ripening is a destabilization mechanism corresponding to the gradual disappearance
of small LDs from an emulsion to give way to larger LDs (Thiam et al. 2013b). This
mechanism begins with the transfer of TAG molecules from small LDs to larger
ones. The direction of the transfer is dictated by the pressure difference of Laplace
(Thiam et al. 2013b; Thiam and Forêt 2016).

An increase in the contact angle between the LD and the ER bilayer causes fission
of the LD (Fig. 11.2—Fission). This mechanism also involves proteins on the
surface of the reticulum. An interesting candidate is the SEIPIN protein located at
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the level of the ER with two transmembrane domains and a luminal loop (Lundin
et al. 2006). SEIPIN is involved functionally in the initial stages of LD formation
into generating nascent structures or participating in their maturation in mature LD
(Wang et al. 2016). A morphological screen of LDs of Saccharomyces cerevisiae
shows that the homolog Fld1 of SEIPIN is necessary for the formation of “normal”
droplets (Fei et al. 2008). This protein also participates in the stabilization of the
contact sites between the ER and the LD (Salo et al. 2016). A recent study also
proposes that the SEIPIN protein and the LDAF1 (Lipid Droplet Assembly Factor 1)
protein form an oligomeric complex of approximately 600 kDa in the ER bilayer
determining the LD formation sites (Chung et al. 2019). SEIPIN is also involved in
the regulation of TAG synthesis: it interacts notably with GPAT, AGAT2, and lipins
(phosphatidate phosphatases recruited for the synthesis of DAG, serving as the
substrate to the production of TAG). A single Seipin gene is detected in animals
and fungi studied so far, whereas three homologs (SEIPIN1, 2, and 3) were reported
in higher plant models (Taurino et al. 2017). SEIPINS are divided into two mono-
phyletic groups in plants according to their degree of functional specialization (Cai
et al. 2015). A functional genetic study shows that double and triple mutations cause
the accumulation of larger LDs in Arabidopsis (Taurino et al. 2017). An ortholog of
SEIPIN was also detected in the diatom Phaeodactylum tricornutum (Lu et al. 2017).
The overexpression of SEIPIN in P. tricornutum causes an increase in the size of
LDs, the amount of neutral lipids (57% increase), and the proportion of saturated
fatty acids (16:0) (Lu et al. 2017).

LDs can detach from the ER, forming a population of initial LDs (iLD) measuring
400–800 nm in diameter (Walther et al. 2017). These LDs can be subsequently
converted, according to an unknown mechanism, into a new population of LDs
called expanding lipid droplets (eLDs) (Walther et al. 2017). This conversion
requires the acquisition of an independent TAG synthesis machinery carried out
by GPAT4 and DGAT2 (Kuerschner et al. 2007; Stone et al. 2009; Wilfling et al.
2013). These two proteins initially present in the ER are relocated to the LD
(Wilfling et al. 2013).

Although the conversion mechanism is unknown, there is still evidence that the
vesicular machinery ARF1/COP1 (ADP Ribosylation Factor 1/Coat Proteins type I)
is involved in this process. In particular, it has been shown in an in vitro system that
the ARF1/COP1 machinery allows the synthesis of nano LDs of 60–80 nm (Thiam
et al. 2013a). COP1 is a complex composed of seven subunits (α, β, β0, γ, ε, δ, ζ)
responsible for the retrograde vesicular transport of the Golgi apparatus to the ER as
well as intra-Golgi transport (Beck et al. 2009; Jackson 2014). ARF1 is a member of
the family of GTP-binding proteins of the Ras superfamily (small GTPases). ARF1
is localized in the Golgi apparatus and was initially shown to act in intra-Golgi
transport. The role of the ARF1/COP1 system in LD dynamics needs therefore to be
clarified further compared to that in Golgi dynamics.
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11.4.3 Catabolism of Lipid Droplets

The catabolism of LDs corresponds to all the degradation reactions of the LD
architecture components, e.g. the lipids and hydrophobic components in the core
of the LDs and the proteins especially via the ERAD pathway and the 26S
proteasome.

11.4.3.1 Degradation of PHA in Prokaryotes

The degradation of PHA granules is carried out by a PHA depolymerase (PhaZ)
(Uchino et al. 2008). PhaZ plays a role similar to acyl lipases in eukaryotes (see
below). At least two degradation pathways of PHA granules exist: (1) an extracel-
lular pathway in bacteria capable of secreting depolymerases in the environment and
(2) an intracellular route, less well known to date. Seven intracellular PHB
depolymerases (PhaZ1 to PhaZ7) as well as two PHB hydrolases (PhaY1, PhaY2)
have been described in the R. eutropha H16 model (Abe et al. 2005; Uchino et al.
2008; Sznajder and Jendrossek 2014). However, PhaZ1 appears to be the only active
PHB depolymerase in R. eutropha H16 (Sznajder and Jendrossek 2014). PhaZ1
presents a cysteine in the catalytic site of the “box” lipase. The thiolysis of PHB
granules into (R)-3-hydroxybutyryl-CoA by PhaZ1 has been demonstrated (Eggers
and Steinbüchel 2013). Localization of PhaZ1 has been confirmed on the surface of
PHB granules by fusion with eYFP (Uchino et al. 2008). A mechanistic model of
PHB granule degradation was proposed by Eggers and Steinbüchel (2013).

Fig. 11.2 Principles of lipid droplet biogenesis in eukaryotes
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11.4.3.2 Degradation of TAG in Eukaryotes

Fatty Acid Mobilization

Multiple processes of TAG hydrolysis have been described in different eukaryotic
clades.

In mammals, lipolysis involves different protein actors. The CGI-58 protein
interacts with the terminal end of PLIN1a (PLIN1 splice variant) on the surface of
the LD in fat cells (Subramanian et al. 2004). The adipose triacylglycerol lipase
(ATGL) is also localized at the level of the LD. Before the lipolysis process takes
place, the enzymatic activity of ATGL is very low. The majority of ATGL proteins
are located in the cytosol before lipolysis occurs. The ATGL activity is inhibited by
the G0/G1 switch protein 2 protein (G0S2), attenuating lipolysis in a dose-dependent
manner (Schweiger et al. 2012). Lipolysis can be initiated by β-adrenergic stimula-
tion (physical exercise, nutritional deficiency). Adenylate cyclase is activated by a
heterotrimeric G protein resulting in the accumulation of cAMP, subsequently
activating protein kinase A (PKA) (Viswanadha and Londos 2008). PLIN1 is then
phosphorylated by PKA (Granneman et al. 2009). The association of ATGL with
LDs is considered to depend on the ARF1/COP1 vesicular machinery (Soni et al.
2009). PKA also phosphorylates CGI-58 thus promoting the binding of CGI-58 to
ATGL (Sahu-Osen et al. 2015). This process activates ATGL leading to the hydro-
lysis of TAGs into DAG and FAs. A Hormone-Sensitive Lipase (HSL) can be
activated by phosphorylation: the HSL then binds to the LD, at the level of
phosphorylated PLIN1, allowing the conversion of DAG into monoacylglycerol
(MAG) and FAs (D’andrea 2016). The HSL/PLIN1 interaction is enhanced by
phosphorylation by PKA on several residues of PLIN1: Ser81, Ser222, and
Ser276. A monoglyceride lipase (MGL) then completes the release of the last FA
and the glycerol backbone. The three released FAs are then transferred to the
mitochondria (D’andrea 2016).

LDs are strongly reorganized during lipolysis following a process that reduces
their size and increases the surface/volume ratio and accessibility to lipases. Two
models exist for the formation of these lipid microdroplets: (1) fragmentation of a
giant LD (Moore et al. 2005) and (2) capture of released FAs, which are potentially
toxic following lipolysis (Paar et al. 2012). A fat-specific-protein of 27 kDa (FSP27
also known as CIDEC for cell death-inducing DNA fragmentation factor alpha-like
effector c) binds to ATGL at the surface of LDs inhibiting the lipolysis mechanism
by blocking access of CGI-58 to ATGL. A reduction in FSP27 expression by
siRNAs in a 3T3-L1 mouse line causes the formation of multiple small LDs as
well as an increase in lipolytic activity (Nishino et al. 2008). FSP27 proteins are
involved in lipid transfer mechanisms between LDs favoring mechanisms of fusion,
growth, and enlargement (Gong et al. 2011; Jambunathan et al. 2011). FSP27 is
notably in direct interaction with PLIN1a in white adipose tissues favoring the
formation of LDs (Grahn et al. 2013; Sun et al. 2013). The size of LDs therefore
seems regulated also by a balance between PLIN1a and FSP27.
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In plants, lipolysis three actors have been described: (1) a Sugar-Dependent
Lipase type 1 (SDP1), (2) a homolog of the mammalian protein CGI-58 and (3) a
peroxisomal transporter PXA1. These three actors are located at the level of the
peroxisome upstream of lipolysis. SDP1 and its SDP1-like homolog (SDP1-L) have
been found in the seed of Arabidopsis thaliana (Kelly et al. 2011). This enzyme is
able to hydrolyze TAG, DAG, and MAG. SDP1 is a papatin-like lipase (Rydel et al.
2003), homologous to mammalian ATGL, S. cerevisiae TAG lipases (TGL3, TGL4,
TGL5) or D. melanogaster BRUMMER protein (Quettier and Eastmond 2009). A
homolog of Arabidopsis thaliana SDP1 was also detected in the green alga
Lobosphaera incisa (LiSDP1) (Siegler et al. 2017). A fusion with the fluorescent
probe m-Venus showed the localization of this lipase at the surface of LDs of
L. incisa (Siegler et al. 2017).

A loss of function of the CGI-58 protein in Arabidopsis thaliana results in an
abnormal accumulation of LDs in the leaves (Ghosh et al. 2008; James et al. 2010).
In addition, the seeds of plants deficient in CGI-58 contain equivalent amounts of
neutral lipids, indicating that CGI-58 is not involved in the lipolysis mechanisms of
the seed (James et al. 2010). Unlike mammals, the CGI-58 protein does not interact
with ATGL lipase in plants but with an ATP-binding cassette (ABC) protein (PXA1)
(Park et al. 2013). An ortholog of CGI-58 was found in the genome of the green
microalga Chlamydomonas reinhardtii (Merchant et al. 2007). PXA1 (Peroxysomal
ABC-Transporter 1) is localized at the level of the peroxisome and transports FAs
upstream of their degradation by β-oxidation (Footitt et al. 2002). It has been
estimated that 90% of FAs transported by PXA1 are provided by SDP1 in combi-
nation with the retromeric complex, a multiprotein complex involved in the
recycling of transmembrane receptors and retrograde transport of cargo proteins
from endosomes to trans-Golgi (Kelly and Feussner 2016). Physical contact
between the LD and the peroxisome is negatively correlated with the presence of
sucrose (Cui et al. 2016). PXA1 is also involved in the transfer of lipophilic pre-
cursors for jasmonate signaling (Theodoulou et al. 2005) and CGI-58 in the regula-
tion of polyamine metabolism (nitrogen metabolism), interacting with spermidine
synthase 1 (SPDS1), in plants (Park et al. 2014).

Knowledge of the catabolism of LDs in secondary endosymbionts, containing
secondary plastids, is very poor (Kong et al. 2018). A plant SDP1 lipase homolog,
TGL1, was found in the diatom Phaeodactylum (Barka et al. 2016). A decrease in its
expression causes the accumulation of TAGs. A second actor of catabolism of LDs
was discovered in the diatom Thalassiosira pseudonana: CGI-58 (Trentacoste et al.
2013). A decrease in the expression of CGI-58 in Phaeodactylum (antisense line)
causes the accumulation of the amount of TAG (Leterrier et al. 2015). A recent
study, based on the search for conserved domains and phylogenetic analysis,
identified a putative TAG lipase in Phaeodactylum, called OmTGL (Li et al.
2018). By fusion with a fluorescent protein eGFP, this lipase was shown to localize
in the third outermost membrane of the chloroplast of Phaeodactylum. This locali-
zation is puzzling as this enzyme is supposed to operate on TAG originating from
cytosolic LDs. It seems that the dynamics of LDs in eukaryotes deriving from
secondary endosymbiosis have very complicated links with multiple membrane
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compartments, including the two outermost membranes of the 4-membrane second-
ary plastid, the mitochondrial outer envelope membrane, peroxisomes,
autophagosomes, etc. (Lupette et al. 2019).

Fatty Acid Degradation Via β-Oxidation

The β-oxidation pathway breaks down FAs and produces acetyl-CoA and reducing
power (NADH and FADH2) (Houten and Wanders 2010). This pathway occurs in
the mitochondrial matrix inMammalia and/or in the peroxisome (or glyoxysome) in
photosynthetic organisms. Short chain fatty acids (less than eight carbons) are
degraded in the mitochondria, whereas medium and very long chain fatty acids
(greater than eight carbons) are degraded in the peroxisome (Dellero et al. 2018a).
Activation and transport of FAs are two preliminary steps required prior β-oxidation
initiation. FA activation is catalyzed by specific long chain acyl-CoA ligases. To
reach the mitochondria, an acyl-CoA is ‘cargoed’ via the carnitine shuttle (Houten
andWanders 2010) in two steps: the acyl-CoA is first converted into acyl-carnitine at
the outer mitochondrial membrane by carnitine palmitoyltransferase 1 (CPT1).
Acylcarnitine then enters the mitochondrial intermembrane space by passing
through a porin and then reaches the internal mitochondrial space via a carnitine-
acylcarnitine translocase. To reach the peroxisome, transport of acyl-CoA occurs via
a specific class of ABC transporter (ATP Binding Cassette).

In both mitochondria and peroxisomes, β-oxidation occurs by an interactive
process, via the so-called Lynen helix (Houten and Wanders 2010).

11.4.3.3 Protein Control and Degradation by the ERAD Pathway
and the 26S Proteasome

An ER localized pathway also regulates the proteins of cytosolic LDs in eukaryotic
cells, called the ER associated protein degradation (ERAD) pathway. During trans-
lation, and following binding with the signal recognition protein (SRP), polypeptides
carrying a signal peptide are imported by a translocon (Sec61 for example) into ER
(Rapoport 2007), where they fold and undergo maturation, co- and post-translational
modifications (e.g. cleavage of a signal peptide, N-glycosylation, and formation of
disulfide bridges). The ERAD machinery is not only a system controlling the quality
of proteins targeted to the ER but also a system controlling their quantity (Olzmann
et al. 2013a; Stevenson et al. 2016). The presence of mutation, transcription, and
translation errors may lead to misfolding, preventing a protein from reaching its
functional conformation. The ERAD machinery operates in three stages. First,
misfolded or mutated proteins are recognized in the ER. The presence of mismatched
cysteine residues, immature glycans, or exposed hydrophobic regions may be
targeted by chaperone proteins, such as in the latter case, chaperone proteins of the
luminal binding protein (BIP) or cytosolic (Heat Shock Protein 70—Hsp70) (Okuda-
Shimizu and Hendershot 2007). Misfolded proteins are then translocated from the
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ER to the cytosol. Translocation may involve a Valosin-containing-protein (VCP or
p97) in mammals or CDC48 (Cell Cycle Cycle 48 protein) in Saccharomyces
cerevisiae (Meyer et al. 2012). Finally, misfolded protein can be ubiquitinated and
degraded by the 26S proteasome (composed of a 20S barrel-shaped catalytic core in
the center and two 19S regulatory complexes at each end) (for review, see Sharma
et al. 2016). Multiple LD proteins are controlled by ERAD machinery via a process
that still needs to be fully elucidated (Ruggiano et al. 2016).

ERAD machinery is also involved in the regulation of mammalian TAGs
(Stevenson et al. 2016). UBXD8 (UBX domain-containing protein 8) is an inhibitor
of TAG synthesis when upstream FAs synthesis is very low. An increase in FA
synthesis causes the delivery of a portion of UBDX8 from the ER to the LD, where it
recruits VCP (Valosin-containing protein) to the surface of the droplet (Suzuki et al.
2012; Olzmann et al. 2013b). This mechanism echoes the recruitment of CDC48
(another name of VCP) by PUX10 at the LD of the pollen tube of Nicotiana tabacum
(Kretzschmar et al. 2018). UBXD8 inhibits ATGL on the surface of the LD by
stimulating the dissociation of ATGL from its cofactor CGI-58 (Olzmann et al.
2013b).

A second checkpoint occurs at the DGAT2 level. Treatment with PS-341, a
proteasome inhibitor, reduced the expression of DGAT2 (Oliva et al. 2012).
DGAT2 is a relatively unstable protein, degraded by the 26S proteasome after
ubiquitination (Choi et al. 2014). Gp78 (Glycoprotein 78) is an E3 ligase involved
in the ERAD mechanism (Chen et al. 2012). Functional analysis of this protein by
siRNA showed reduction in the ubiquitination of DGAT2 and an increase in its
stabilization (Choi et al. 2014). The transfer of the polyubiquitinated DGAT2 to the
proteasome is carried out by VCP. The role of UBDX8 in the degradation of DGAT2
is currently unknown (Stevenson et al. 2016).

Overall, the ERAD machinery may be a conserved actor of LD homeostasis in
eukaryotes, but our knowledge is even more scarce compared to other regulatory
processes.

11.5 Conclusion and Future Prospects

This chapter shows that LDs and oil bodies are similar in their general organization
in prokaryotes and eukaryotes. Hydrophobic molecules loaded in their core show a
diversity of chemical structures (PHA, TAG, sterols, carotenoids, alkene, alkenone,
etc.). The PHA granules seem to be restricted to prokaryotes, whereas
TAG-containing LDs are found from bacteria to eukaryotes. The dynamics of LD
formation and homeostasis are exquisitely controlled, indicating the importance of
LDs in cell physiology and development. LDs are therefore essential for cell survival
and development, which is probably one of the reasons for the strong level of
conservation of these subcellular structures. Nevertheless, besides their evident
function as energy storage and carbon reservoirs, the variety of roles harbored by
LDs still needs to be investigated in major eukaryotic clades. It seems that in
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eukaryotes, the ER plays a conserved role as a platform for LD formation, whereas
mitochondria and peroxisome are critical for LD lipid mobilization. The association
of proteins such as histones in LDs analyzed from insects to diatoms suggests that
the LDs may have unexpected functions. LD biogenesis, dynamics, and role are
nevertheless more complex in the organisms deriving from secondary endosymbi-
osis. Only a few LD-associated proteins seem to be conserved in eukaryotes, and
some being involved in LD biogenesis (SEIPIN), TAG biosynthesis, TAG hydro-
lysis coupled with FA export from LDs (CGI-58). The evolution of CGI-58 is
particularly puzzling since this component is involved in TAG mobilization from
LDs, whereas CGI-58 molecular activity has apparently diverged between
non-photosynthetic and photosynthetic clades. In photosynthetic organisms, the
plastid seems to cooperate with the ER in LD biogenesis, possibly in relation to
FA synthesis occurring in the stroma of this organelle, whereas FA synthesis occurs
in the cytosol of non-photosynthetic eukaryotes. In eukaryotes containing secondary
plastids, the role of this organelle may be even more important in LD biogenesis. A
conclusion of this chapter may be a frustrating lack of knowledge, especially in
important branches of the evolution of eukaryotes. Characterizing the molecular
evolution of LD proteins and LD-controlling systems throughout the Tree of Life is a
clear challenge for the future. This effort will be necessary to help explore biodiver-
sity and identify oleaginous species, which may be novel promising resources for a
multitude of applications from food, health to green chemistry and bioenergy.
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Part III
Evolution and Role of Symbiosis in

Photosynthesis and Nitrogen Fixation



Chapter 12
Evolution of Photosynthetic Eukaryotes;
Current Opinion, Perplexity, and a New
Perspective

Shinichiro Maruyama and Eunsoo Kim

Abstract The evolution of eukaryotic photosynthesis marked a major transition for
life on Earth, profoundly impacting the atmosphere of the Earth and evolutionary
trajectory of an array of life forms. There are about ten lineages of photosynthetic
eukaryotes, including Chloroplastida, Rhodophyta, and Cryptophyta. Mechanisti-
cally, eukaryotic photosynthesis arose via a symbiotic merger between a host
eukaryote and either a cyanobacterial or eukaryotic photosymbiont. There are,
however, many aspects of this major evolutionary transition that remain unsettled.
The field, so far, has been dominated by proposals formulated following the princi-
ple of parsimony, such as the Archaeplastida hypothesis, in which a taxonomic
lineage is often conceptually recognized as an individual cell (or a distinct entity).
Such an assumption could lead to confusion or unrealistic interpretation of discor-
dant genomic and phenotypic data. Here, we propose that the free-living ancestors to
the plastids may have originated from a diversified lineage of cyanobacteria that
were prone to symbioses, akin to some modern-day algae such as the
Symbiodiniaceae dinoflagellates and Chlorella-related algae that associate with a
number of unrelated host eukaryotes. This scenario, which assumes the plurality of
ancestral form, better explains relatively minor but important differences that are
observed in the genomes of modern-day eukaryotic algal species. Such a
non-typological (or population-aware) way of thinking seems to better-model empir-
ical data, such as discordant phylogenies between plastid and host eukaryote genes.
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12.1 Introduction

Adaptive radiations have been typically studied using two approaches. Classically, one may
observe an established radiation and draw inferences about the past processes, which led to
the present-day pattern of ecological and phenotypic diversity, informed by the understand-
ing of the phylogenetic relationships among species. Alternatively, one may identify and
study the evolutionary processes operating on a clade of relatively few species (or forms),
which may be currently diverging with the assumption that the clade is a representative of
the early stages of a forthcoming adaptive radiation. These two approaches represent either
end of the process-pattern divide in adaptive radiation research. (Stroud and Losos 2020)

Although not all evolutionary outcomes are the consequences of adaptations,
many evolutionary studies are designed based on the process- or pattern-centric
approaches. If evolutionary biologists want to know why Roquefort cheese is so
special, then they could resort to biochemistry, which helps to uncover how blue
cheese fungi (e.g. Penicillium roqueforti) can produce a special flavor (process-
centric). Alternatively, phylogeny may identify how blue cheese fungi are evolu-
tionarily related or distant from other fungi (pattern-centric) (Dumas et al. 2020).
Perhaps comparative biochemical analyses using multiple species and strains sam-
pled from different phylogenetic branches may provide a more complete under-
standing of the evolutionary transition from “ordinary” to “special” blue cheese
fungi, where process- and pattern-centric approaches are synthesized, but often such
integration of approaches is not feasible. This is particularly so when an evolutionary
event is archaic (e.g. the origins of plants, eukaryotes, or life on the Earth). Processes
are often only observable in extant (i.e. modern-day) species, which are often highly
diverged from their distant ancestors, thereby limiting their utility in inferring
ancient events. Deep phylogenetic patterns are often difficult to reconstruct accu-
rately because ‘transitional’ species between ‘in-group’ and ‘out-group’ taxa become
scarce over time due to extinction events. For many ancient evolutionary events,
especially when fossil records are scarce, the pattern-based approach using modern-
day information is often seen as the sole option.

The theory of endosymbiosis explains that the plastids (chloroplasts), the organ-
elles responsible for photosynthesis, originated via engulfment of photosynthetic
microorganisms by host eukaryotic cells. The first photosynthetic eukaryotes arose
via ‘primary endosymbiosis’ in which a eukaryotic host engulfed and retained a
cyanobacterial endosymbiont1 (Cavalier-Smith 1982). Primary plastid-bearing
groups include green algae plus their land plant descendants, red algae, and
glaucophytes, which are together classified as Archaeplastida (Adl et al. 2019). In
contrast, some eukaryotes acquired their plastids via ‘secondary’ or ‘tertiary’ events
that involved eukaryotic endosymbionts (McFadden 2001). Some researchers argue
that the three primary plastid-bearing algal groups arose via a single endosymbiotic

1There are more recently identified cases of cyanobacterial integration into the eukaryotic cells,
such as in the case of photosynthetic Paulinella species (Lhee et al. 2019) and rhopalodiacean
diatoms (Nakayama and Inagaki 2017). It is, however, debated as to whether they should be called
plastids (Keeling and Archibald 2008).
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event that occurred more than a billion years ago, and therefore, they form a
monophyletic taxonomic group called Archaeplastida. The proponents of this
hypothesis suggest that a permanent integration between two distinct organisms,
that is, between a unicellular eukaryotic host and a cyanobacterial endosymbiont,
must have been an extremely fortuitous and random evolutionary event. By com-
parison, the proponents of alternative hypotheses, which often but not
necesarrily propose non-monophyletic archaeplastidans, assume that the plastid loss
could be as rare or difficult as plastid acquisition founded on the observation that
plastid-lacking members are scarce within a well-supported algal group whose
common ancestors had a plastid (e.g. haptophytes and cryptophytes).

Such a debate is based on an assumption that the rarity (or frequency) of a
plastid’s gain or loss events has been constant over time, which may not be true.
In very early stages of plastid evolution, loss and regain of photosymbionts by host
cells that belong to the same ‘lineage’ or ‘population’ might have occurred repeat-
edly (Fig. 12.1). After such associations formed and ensued over generations,
variants such as those that are less competent in symbiosis could have arisen, thereby
facilitating sympatric speciation (e.g. symbiont-bearing and color-less species) in a
population (Fig. 12.1). A population of the phagotrophic cryptistan biflagellate
protist, Hatena arenicola, may represent a good example of this process.
H. arenicola, occurring on a sandy beach, internalizes and retains the green alga
Nephroselmis rotunda in the cytoplasm (Okamoto and Inouye 2005, 2006). When
the green-colored ‘parent’ H. arenicola divides into two daughter cells, only one

Fig. 12.1 A schematic model showing an early stage of protist–photosymbiont associations. In this
model, a population of free-living phototrophs is the source for multiple endosymbioses with a host
population. From such multitudinal interactions, those photosymbionts that are kept by the host
population are derived from (likely many) different algal cells, but they might be seen collectively
as a single entity (shown by asterisk)
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inherits the endosymbiont, and the other does not and becomes colorless. What
happens if the plastid-lacking cell proliferates further and regains an endosymbiont
that is derived from the (ancestral) green algal population with which the parental
H. arenicola is associated? The host and endosymbiont in the offspring would have
genotypes closely related to the ones in the ancestors. In this case, the endosymbiont
lineages are not continuous at the cellular level but can be genetically traced to the
same green algal population. The bigger the time gap between the ancestor and the
offspring generations, the bigger the genotype variations in the ‘metapopulation’ are
expected to be.

Recently, a non-photosynthetic, predatory relative of red algae, named
Rhodelphis, has been discovered (Gawryluk et al. 2019). This flagellate is the only
obligate heterotrophic phagotroph known to date within Archaeplastida. Some early-
diverging members of green algae are also phagotrophic, but they are pigmented and
photosynthetic; thereby possessing a mixed-mode of nutrition (Maruyama and Kim
2013). Therefore, from the perspective of the trophic mode, Rhodelphis represents
an oddity considering the Archaeplastida concept, which assumes that their common
ancestor was phototrophic. Despite a lack of microscopic evidence for plastids,
Rhodelphis is suggested to bear plastids based on an in silico identification of a
number of putative plastid-targeted peptides. The analyses of putative protein
transport machinery and transit peptide sequence motifs did not indicate that
Rhodelphis had characteristic signals for plastids of secondary origin. The authors,
therefore, suggested the plastid of this flagellate is of primary origin. However, in
molecular phylogenetic analyses, the majority of Rhodelphis’ putative plastid-
targeted proteins did not branch with red algal proteins, casting doubt on the origin
of the Rhodelphis plastid and perhaps, even the validity of the existence of the plastid
compartment. Therefore, more investigation is needed to see whether Rhodelphis
indeed possesses plastids or not.

It is also worth pointing out that the Archaeplastida hypothesis is perhaps too
dependent on prior knowledge of eukaryotic phylogeny (Baldauf et al. 2000;
Moreira et al. 2000; Rodríguez-Ezpeleta et al. 2005). With an increase in taxon
sampling and the use of updated phylogenomic matrices, many recent phylogenomic
analyses do not support the monophyly of Archaeplastida (Strassert et al. 2019). In
particular, Cryptista—comprising cryptophytes, goniomonads, katablepharids, and
Palpitomonas (Adl et al. 2019)—often branches within Archaeplastida, thereby
disrupting its monophyly (Burki et al. 2016; Cenci et al. 2018; Strassert et al.
2019; Gawryluk et al. 2019). If this topology correctly reflects the species’ relation-
ships, this may provide evidence against the hypothesis on single plastid-generating
event at the ancestry of Chloroplastida, Rhodophyta, and Glaucophyta. Alterna-
tively, some argue that the Archaeplastida hypothesis still holds if we expand the
Archaeplastida concept, such as by including Cryptista. Under this scenario, there
was a single primary plastid-generating event at the ancestry of Chloroplastida,
Rhodophyta, Glaucophyta, and Cryptista, but the complete loss of plastids happened
before the common ancestor of Cryptista diverged. This illustrates how the pattern-
based (phylogenetic) approach could be limiting in addressing an archaic evolution-
ary event, such as the origin of plastids.
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Here, we propose that ‘modern’ symbiotic associations may be sources of insight
for ancient processes of plastid acquisition. The way by which plastid evolution
progressed from free-living bacteria through obligate endosymbionts to permanent
cellular organelles remains mysterious. Considering the spectrum of the strength in
host–symbiont relationships, facultative associations found in modern-day environ-
ments may provide clues about the early stages of plastid evolution. Symbioses also
span a spectrum in partner specificity between ‘specialists’ and ‘generalists,’ the
latter defined here as having a broad host range. While generalist algal symbionts are
notable in marine and freshwater environments, this concept has not been taken into
account in modeling plastid evolution. In this chapter, we survey those modern
associations that involve photosynthetic symbionts, especially those that are gener-
alists in host specificity. Relationship dynamics seen in such modern symbioses may
be parallel to the ancient associations that eventually led to the evolution of eukary-
otic photosynthesis.

12.2 Generalist Photosymbionts in Modern Aquatic
Environments

There are a great variety of photosymbionts in nature, and their diversity has been
reviewed extensively elsewhere (Martin et al. 2016). Here, we focus on the three
groups of eukaryotic algae that associate with a broad range of host taxa and hence,
could be considered as generalist symbiont lineages. Of these, the Symbiodiniaceae
dinoflagellates and the Chlorella-related algae are symbiotic champions in marine
and freshwater ecosystems, respectively.

12.2.1 Symbiodiniaceae Dinoflagellates

Dinoflagellate algae belonging to the family Symbiodiniaceae are known to form
stable endosymbiotic relationships with a number of marine eukaryotic hosts,
including cnidarians (e.g. coral, sea anemone, and jellyfish), ciliates, and foraminif-
erans. One of the most ecologically relevant examples is coral–algal symbiosis,
which sustains the primary production of coral reefs in oligotrophic oceans.

Based upon the most up-to-date classification proposed by LaJeunesse et al.
(2018), Symbiodiniaceae forms a monophyletic taxon in the dinoflagellate phylog-
eny. Members of the Symbiodiniaceae either (1) associate with only a single host
group (e.g. clade I only found in foraminiferans), (2) appear as exclusively free-
living in nature (e.g. Effrenium voratum), or (3) associate with multiple hosts, which
are often colonized by multiple distinct Symbiodiniaceae species/genera. For exam-
ple, a single species of coral can host a number of symbiont genera, and the
composition can vary depending on geographic location, environmental condition,
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and developmental stage (Pochon et al. 2014; Mies et al. 2017). There seems to be no
general trend of lineage-specificity in host–dinoflagellate relationships, suggesting
that a wide host-range is an ancestral characteristic of the Symbiodiniaceae algae
(Fig. 12.2). This ‘many-to-many’ partnership is likely a factor providing flexibility in
the face of changing physiological, developmental, and environmental
circumstances.

Flexible ‘many-to-many’ partnerships appear stable and may be advantageous to
both hosts and dinoflagellate symbionts as long as the symbiont population size is
large enough to sustain the host population. A disadvantage to the host in such a
flexible partnership is the potential for host gastrodermis cells to become occupied
by less-beneficial symbiont algae unless a mechanism to selectively recruit the
optimally mutualistic algae is already set in place. Similarly, a disadvantage to the
endosymbiont is that if a stronger competitor co-occupies the residential space
within the host, then it may be forced outside to inhabit the oligotrophic ocean
where it could starve due to low nutrient availability.

In the family Symbiodiniaceae, the genus Cladocopium (formerly called ‘clade C
Symbiodinium’) is known to include generalist members that thrive inside a number
of host eukaryotes (e.g. cnidarians, foraminiferans, and acoels) and have an
ectosymbiotic partnership with molluscan hosts (LaJeunesse et al. 2018). Con-
versely, a single host species can accommodate multiple Cladocopium species or
subspecies. Under a condition where endosymbiosis is destabilized by environmen-
tal cues (e.g. thermal stress), host corals expel a portion of residing symbionts
(e.g. Cladocopium) and take up new symbionts from surrounding environments,
including the genus Durusdinium, which is also a generalist in host choice (Boulotte
et al. 2016). Durusdinium trenchii is an opportunistic symbiont of the model sea
anemone Exaiptasia diaphana (formerly E. pallida or Aiptasia sp.), but studies
based on the transcriptome, proteome, and metabolome suggest that the alga may
not be as beneficial as native Breviolum spp. symbionts (Matthews et al. 2017, 2018;
Sproles et al. 2019). Such versatile, yet selective, many-to-many partnerships are the
basis for the stability in cnidarian–dinoflagellate symbioses.

Fig. 12.2 Taxonomic relationships between Symbiodiniaceae dinoflagellates and their various
hosts (LaJeunesse et al. 2018; Mies et al. 2017)
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12.2.2 Oophila: Amphibian Egg-Loving Green Algae

Symbioses between amphibian embryos and green algae, the latter referred to as
Oophila, have been known for more than a century (Orr 1888). Symbiont algae live
and bloom inside the intracapsular region, rendering a conspicuous green hue to the
eggs (Kerney et al. 2011). Previous studies suggest the symbiont algae benefit the
host animals by increasing the concentration of oxygen via photosynthesis activity
and possibly by producing additional molecules that promote embryonic develop-
ment (Bachmann et al. 1985; Desnitskiy 2017). Conversely, the algae may flourish
living inside the eggs by utilizing ammonia excreted by the embryos (Small et al.
2014). While most of the amphibian embryo–green algal associations appear
ectosymbiotic in nature, at least one host salamander (i.e. the spotted salamander
Ambystoma maculatum) also “allows” algal cells to penetrate into its own tissues and
even cells, forming endosymbioses (Kerney et al. 2011, 2019). Globally, amphibian
embryo–green algal symbioses have been noted from North America (the USA and
Canada), Europe, Russia, and Japan (Desnitskiy 2017). Yet, molecular sequence
data for the green algal symbionts are currently limited to those associated with four
North American salamander and frog species (Kim et al. 2014; Kerney et al. 2019)
and the Japanese black salamander (Muto et al. 2017). The phylogenetic analyses of
18S rDNA sequences suggest the algae that associate with these five amphibian
embryos are closely related to each other, forming a clade (together with a few free-
living Chlamydomonas strains) within the Chlamydomonadales (Kim et al. 2014).
While Nema et al. (2019) suggested a polyphyly of Oophila species by showing
several sequences that fall outside of the Oophila clade proposed by Kim et al.
(2014), all of those sequences were generated from the isolated and cultured algae
and not directly from field materials. Laboratory culturing of algae is typically highly
selective, such that there is a good chance of minor, non-symbiont algal species
outcompeting Oophila algae during the isolation process, as noted previously (Kim
et al. 2014). Therefore, it is prudent, and perhaps even necessary, to compare the
isolates to the source material(s) by sequencing both.

Within the Oophila clade, five subclades have been recognized (Kim et al. 2014;
Muto et al. 2017). Oophila subclade III has been reported from the eggs of three
North American amphibians (Fig. 12.3). Conversely, two Ambystoma species were
shown to associate with at least two Oophila subclades (Fig. 12.3). Even a single
amphibian embryo could bear multiple Oophila subclades (Kim et al. 2014).
Together, these observations suggest that the algal switching of amphibian hosts is
(and likely has been) occurring whilst at the same time, Oophila has been diversi-
fying into genetically discernable subgroups, without developing host specificity.
While Oophila has gotten the most attention in the context of their associations with
amphibian eggs, they also occur in the water outside the amphibian hosts (Lin and
Bishop 2015). This suggests that those free-living chlamydomonad taxa branching
within the Oophila clade (Kim et al. 2014) may have the capacity to colonize
amphibian eggs if given the opportunity. Finally, despite Oophila’s apparent loving
of amphibian eggs, only a small number of unrelated amphibian taxa are colonized
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by Oophila. To summarize, the amphibian–algal symbioses are affected by the
ecology and life history of host animals, whereas the algae appear to have developed
lineage-specific traits that enable their proliferation inside the embryos of diverse
amphibians.

12.2.3 Chlorella-Related Symbionts

The Chlorella clade (Trebouxiophyceae) is well known for its propensity to form
symbioses with a wide range of freshwater organisms, including ciliates, (polyphy-
letic) testate amoebae, the centroheliozoan Acanthocystis turfacea, and inverte-
brates, such as Hydra (Pröschold et al. 2011; Pitsch et al. 2017). While there are
several genera, including Chlorella, Micractinium, Didymogenes, and Meyerella,
that have been described for the Chlorella clade, their SSU rRNA gene sequences
are very similar (on average >98%) (Hoshina et al. 2010), suggesting relatively
recent divergence times. In contrast, host eukaryotes that associate with members of
the Chlorella clade are distributed widely and patchily across the eukaryotic tree
of life.

The well-studied freshwater ciliate Paramecium bursaria associates primarily
with Chlorella variabilis or Micractinium reisseri (Hoshina et al. 2010; Pröschold
et al. 2011). Less frequently, P. bursaria has been found to form symbioses with
Chlorella vulgaris or the chlorophycean green alga Scenedesmus sp. (Pröschold
et al. 2011). Under laboratory conditions, P. bursaria can be induced to associate
with non-native Chlorella-related algae (Summerer et al. 2007). While the algal–
P. bursaria associations are mutualistic and stable over generations, aposymbiotic
P. bursaria occurs in nature (Tonooka and Watanabe 2002), and it is possible to
experimentally create symbiont-free P. bursaria by growing them in the dark
(Summerer et al. 2007). To summarize, P. bursaria prefers associating with specific
Chlorella-clade algae, but, in principle, it has not closed its door to other green algae
as symbiotic partners.

Fig. 12.3 Taxonomic relationships between Oophila algae and their amphibian hosts (Kim et al.
2014; Muto et al. 2017; Kerney et al. 2019). Given a limited number of field samples analyzed to
date, the actual picture is likely to be more complex than the version presented here
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In oligotrophic Sphagnum peatlands of the Northern Hemisphere, green-
pigmented testate amoebae are abundant (Jassey et al. 2015). Referred to as the
mixotrophic testate amoebae (MTA), they are a polyphyletic assemblage of micro-
bial protists sharing convergently evolved morphological traits, such as the presence
of a shell (or test) (Lara and Gomaa 2017). Taxonomically, MTA are distributed in
three eukaryotic supergroups, including Amoebozoa, Rhizaria, and Stramenopiles
(Lara and Gomaa 2017). All the surveyed MTA cells by Gomaa et al. (2014)
harbored the symbionts of the Chlorella clade, with the vast majority of them having
nearly identical rbcL gene sequences, likely representing a single species. This alga,
TACS (Testae Amoeba Chlorella Symbiont), is most closely related to the
P. bursaria symbiont Chlorella variabilis and appears exceptionally well adapted
for living inside (polyphyletic) testate amoebae (Gomaa et al. 2014).

The Chlorella-related algae are also found living inside cells of the viridissima
group of the freshwater cnidarian Hydra (Kobayakawa 2017). Their associations are
mutualistic; the algae provide photosynthates to the host and in return receive amino
acids and possibly additional growth factors that are synthesized by the host
(Hamada et al. 2018). Molecular phylogenetic analyses of several strains of Hydra
viridissima and their respective algal symbionts suggest an intriguing possibility of
cospeciation as the host and algal phylogenies largely mirror each other despite the
symbiont algae not being monophyletic within the Chlorella clade (Kawaida et al.
2013). Nonetheless, aposymbiotic Hydra strains can be colonized by non-native
Chlorella-related algae under laboratory conditions, although questions remain
concerning the long-term stability of such non-natural associations (Kessler et al.
1988; Kawaida et al. 2013).

Three algal groups—the Symbiodiniaceae dinoflagellates, Oophila clade, and
Chlorella clade—reviewed here are characterized by their apparent propensity to
associate with non-photosynthetic organisms of diverse taxonomic origins. A recent
study suggests that Symbiodiniaceae originated ~160 mya and since has diversified
(LaJeunesse et al. 2018), whereas their hosts are distributed patchily across different
eukaryotic supergroups. While comparable molecular clock data are not currently
available for Oophila and Chlorella clades, their respective hosts are also similarly
patchy in taxonomic distribution. Such a pattern indicates that the eco-physiological
context is a major driving force in host selection, although host–algal cospeciation
may be occurring in some sub-lineages. Host switching is common among some
members of these generalist algal groups, and laboratory rearing experiments
showed host eukaryotes can often be induced to accommodate non-native relatives
of algal symbionts. It is also noteworthy that some algal species within these
generalist symbiont lineages are found free-living in nature. Overall, these algae
appear to be undergoing abundant symbiosis experiments in nature (and experimen-
tally), exemplified by their variability in host choices and stability in associations.
The versatile nature seen in modern-day symbioses might also have been a feature of
the protist–algal associations that gave rise to eukaryotic photosynthesis.
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12.3 Population Thinking for Symbiosis

Considering the pattern of symbiont inheritance in the phagotrophic protist Hatena,
not a single cell, but a ‘population’ (an ecological group of individuals) of algal cells
is a more realistic representation of an ancestor of the symbionts found in modern-
day Hatena cells. Here, a ‘population’ does not necessarily signify the capacity to
interbreed with each other within a group of organisms, but it means that all the
members share a geological and ecological niche. In this light, the cyanobacterial
ancestor of the plastid was not necessarily a distinct individual, but is rather a
conceptual framework encompassing a spatiotemporal continuum.

Given the examples of modern-day symbioses as discussed above, the capacity to
endocytose symbiont cells was likely a characteristic of the ancestral hosts and their
relatives; the algal symbiont, likewise, had the capacity to invade and stay inside a
range of host cells. If the cyanobacterial or eukaryotic algal progenitor of the plastid
originated from such a population, having a general characteristic of forming plural
host–symbiont partnerships—whether the ancestral algal symbiont was a single cell
or a group of plural cells (e.g. a few, hundreds, or millions)—would not make a
significant impact on our ability to infer its origin. The cumulative effect of muta-
tions and natural selection processes, genome rearrangements, and so on would
‘dilute’ signals of genetic variation originally present in algal symbionts over time.
If, for example, the algal symbiont experienced a reduction in ploidy, the plurality of
the allele information would be concealed.

Another challenge of phylogeny is the stability of the out-group, which serves as
a reference point for in-group relationships. In a phylogenetic tree, some might see
an out-group taxon (taxa) as a ‘static’ reference in inferring the internal relationships
among in-group taxa of interest. However, the out-group is also dynamically evolv-
ing and changing over time. If one discusses the origin of plastids, modern
cyanobacteria are often seen as out-group taxa, which have evolved independently
of the plastids for more than a billion years. Therefore, one needs to be cautious
when inferring evolutionary transitions from cyanobacteria to plastids as modern
cyanobacteria are likely very different from their >1 billion-year-old ancestors in
their genomes.

Cnidarian–algal relationships suggest that genotypic and phenotypic variations of
the host animals and algae could provide more stability and flexibility by the
formation of consortia in the face of fluctuating environmental conditions, thereby
conferring an evolutionary advantage to the combined unit. A flexible many-to-many
partnership may allow the cnidarian animals to find their optimally compatible
symbiont algae (and vice versa) under a given condition. In an evolutionary time-
scale, some characteristics are beneficial and others are not in one environmental
context, while they may be opposite in another. A subpopulation may evolve through
exclusive partnership into an obligate one, similar to the plastids in plant cells.
Hundreds of millions of years in the future, if some corals and algae evolve to form
an inseparable unit like modern plants with their distinct protist and cyanobacterial
ancestors, it may be difficult to imagine their ancestors were a bit loose in their
associations and had sustained a variety of many-to-many relationships in nature.

346 S. Maruyama and E. Kim



A classical typological view on an ancestor of the plastid does not seem to fit this
flexible host–symbiont partnership accommodating substantial genomic variations.
Even if a host cell successfully acquires a symbiont, the offspring generation may
lose it, but then the next generation may acquire another symbiont related to the one
that their parental lineages once had (Fig. 12.1). In a typological view, the ‘lost
generation’ and the discontinuity in the symbiont pedigree might be a problem, but it
would be no surprise if such a scenario indeed played out in the early stages of
plastid evolution. Rather, in this case, the hosts and the symbionts may better be
described as closely associating populations of different organisms.

Population thinking implies the symbiotic spectrum is applicable even within a
single population; some members in a symbiont population may be more beneficial
to hosts (mutualistic), while others may be less productive or more parasitic
(Rueckert et al. 2019). There is merely a conceptual distinction between mutualists
and parasites, and it is often extremely difficult to apply this concept to organisms in
nature where the boundary is diffusing and changing. The cost–benefit balance in
two associating organisms should be condition-dependent, and the degree of their
dependence should differ among individuals. Under each distinct environmental or
seasonal condition, symbionts can move along an axis of the continuum between
mutualism and parasitism. Consequently, the symbionts behave like a population
with variations.

12.4 Conclusion

Free-living ancestors of plastids may have been a diversified population of generalist
cyanobacteria that include multiple individuals (i.e. cells, for we envisage the
ancestors as unicellular organisms) (Fig. 12.4). This hypothesis suggests that the
plastids of eukaryotic algae may be traced back to multiple ancestral cyanobacterial
cells, which constituted together with their free-living relatives, a coherent ancestral
lineage. Over a long period of time, information on the ancestral population and
resolution to distinguish between individuals or subpopulations within the popula-
tion gets inherently lost. Consequently, a phylogenetic lineage is informed from a
single or a few sampled individuals, which do not accurately represent the original
population structure. Examples of modern-day host–symbiont relationships suggest
that ecological, environmental, and developmental conditions, in addition to phylo-
genetic constraints, have forged various platforms for endosymbioses. Such popu-
lation thinking may be helpful in resolving issues surrounding the early evolution of
plastids. For example, from the perspective of typological thinking, the presence of
proteobacterium-type RuBisCO subunits in red algal plastid genomes creates a
perplexing situation as green algae and glaucophytes instead have
cyanobacterium-type RuBisCO subunits (Delwiche and Palmer 1996). A usual
solution to signal conflict such as this is to invoke a lateral gene transfer event,
which is based on typological thinking whereby the common ancestor should have a
single distinct genotype. Population thinking, however, does not require such a strict
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assumption, rather it envisages variation and diversity in the genotypes of the
common ancestral population. As the research community gathers large-scale geno-
mic and molecular biological data from diverse algal species, we likely face more
perplexing cases with our usual pattern-centric approaches. Population thinking may
open up a way to change our perspective on how to analyze and interpret data and
allow us to draw a more realistic picture of ancient evolutionary processes.

Fig. 12.4 A cartoon illustrating a scenario of plastid evolution. Under this scenario, the plastids
originated from a population of a generalist algal symbiont. We hypothesize that such an ancestral
generalist symbiont had the capacity to establish partnerships with multiple host lineages. Gener-
alist symbionts are expected to be more stable and persistent through a long time period than
specialist symbionts, which could lose their ecological niches more easily (unless their partners
proliferate and become abundant). Over time, information on genetic variation within the ancient
generalist population is diluted, potentially leading to the fallacy of oversimplification of evolu-
tionary relationships by the observer
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Chapter 13
The Photosynthetic Adventure of Paulinella
Spp

Przemysław Gagat, Katarzyna Sidorczuk, Filip Pietluch, and
Paweł Mackiewicz

Abstract Paulinella photosynthetic species are unicellular, silica shell-forming
amoebas classified into the supergroup Rhizaria. They crawl at the bottom of
freshwater and brackish environments with the help of filose pseudopodia. These
protists have drawn the attention of the scientific community because of two
photosynthetic bodies, called chromatophores, that fill up their cells permitting
fully photoautotrophic existence. Paulinella chromatophores, similarly to primary
plastids of the Archaeplastida supergroup (including glaucophytes, red algae as well
as green algae and land plants), evolved from free-living cyanobacteria in the
process of endosymbiosis. Interestingly, these both cyanobacterial acquisitions
occurred independently, thereby undermining the paradigm of the rarity of endo-
symbiotic events. Chromatophores were derived from α-cyanobacteria relatively
recently 60–140 million years ago, whereas primary plastids originated from
β-cyanobacteria more than 1.5 billion years ago. Since their acquisition, chromato-
phore genomes have undergone substantial reduction but not to the extent of primary
plastid genomes. Consequently, they have also developed mechanisms for transport
of metabolites and nuclear-encoded proteins along with appropriate targeting sig-
nals. Therefore, chromatophores of Paulinella photosynthetic species, similarly to
primary plastids, are true cellular organelles. They not only show that endosymbiotic
events might not be so rare but also make a perfect model for studying the process of
organellogenesis. In this chapter, we summarize the current knowledge and retrace
the fascinating adventure of Paulinella species on their way to become photoauto-
trophic organisms.
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13.1 Introduction

The endosymbiotic theory states that at least some eukaryotic organelles, including
mitochondria and plastids, and possibly the eukaryotic cell itself, evolved from free-
living prokaryotes (Archibald 2015). This intriguing concept was first mentioned in
a footnote of the 1883 article by a German botanist Andreas Schimper. He alluded
that plastids could have originated from a symbiosis or fusion of the colorless and
chlorophyll-containing organisms (Schimper 1883; Sato 2020). This idea was sub-
sequently picked up at the beginning of the twentieth century by a Russian biologist
Constantin Mereschkowsky. He proposed that plastids evolved from cyanobacteria
in a process of endosymbiosis based on (1) the continuity of the plastid lineage,
i.e. generation by division from existing plastids, (2) high-level of independence,
(3) striking resemblance to cyanobacteria, and (4) observations of ‘living’
cyanobacteria within algal cells, including the endosymbiotic consortium of
Paulinella chromatophora (Mereschkowsky 1905, 1910; Sato 2020). A similar
concept for mitochondria was subsequently put forward by Ivan Wallin (1927).

For half a century, the endosymbiotic theory was hardly mentioned until the
microscopic evidence of DNA in plastids and mitochondria was provided by Ris and
Plaut (1962) and Nass and Nass (1963), respectively; the formers also suggested a
possibility of endosymbiotic origin of plastids citing among others articles of
Mereschkowsky. The discovery of extranuclear DNA triggered an American biolo-
gist Lynn Margulis (then Lynn Sagan) to formulate her hypothesis about cell
evolution. She postulated endosymbiotic origin for mitochondria and plastids, but
also incorrectly for the eukaryotic flagella and the mitotic apparatus (Margulis 1967,
1970). Although Margulis was initially lambasted and faced resistance from the
wider scientific community, her promotion of endosymbiosis resulted in the accu-
mulation of biochemical, molecular, and phylogenetic data that eventually led to the
acceptance of the endosymbiotic theory in the 1980s (Sato 2020).

Already in her 1967 article, Margulis also briefly mentioned multiple plastid
origins of different photosynthetic eukaryotes, suggesting that they must have
evolved from photosynthetic eukaryotes ingested by heterotrophic protozoans
(Margulis 1967). In subsequent years, thinking about the evolution of such plastids,
called secondary or complex, was dominated by the principle of minimizing endo-
symbiotic events (Cavalier-Smith and Lee 1985). This view quickly became a sort of
paradigm for cellular evolution, assuming that transformation of endosymbionts,
including those of cyanobacterial origin, into cell organelles, is very difficult and
consequently unusually rare (Cavalier-Smith 2013; Zimorski et al. 2014; Gould et al.
2015).

The paradigm of minimizing endosymbiotic events (Cavalier-Smith and Lee
1985) has recently been shaken by the discovery that the already mentioned
P. chromatophora carries not ‘living’ cyanobacteria but two highly integrated
photosynthetic bodies (Bodył et al. 2012; Gagat et al. 2016). It shows that endo-
symbiotic events might not be so rare after all. Moreover, Paulinella represents the
third example of prokaryote–eukaryote endosymbiosis (next to mitochondria and
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primary plastids), and because it is the most recent one, it is expected to shed some
more light on the endosymbiotic process in general.

13.2 Endosymbiosis and the Evolution of Photosynthesis
in Archaeplastida

It is easier to infer about endosymbiosis from plastids than mitochondria because
mitochondria are present in all eukaryotic cells and presumably have always been
there since the time of the last eukaryotic common ancestor (Archibald 2015;
Karnkowska et al. 2016). We will never know how exactly mitochondria evolved,
but probable models postulate an endosymbiotic merger between two prokaryotic
cells, an archaeon and a predecessor of α-proteobacterium (Martin and Müller 1998;
Roger et al. 2017). The latter, after radical transformation, would provide energy
sufficient for expression of thousands of new proteins and consequently evolution of
a novel type of cell, i.e. the eukaryotic cell (Lane and Martin 2010; Lane 2011). The
first eukaryotes were heterotrophic by nature, but a subsequent endosymbiotic event
called cyanobacterial primary endosymbiosis or just primary endosymbiosis resulted
in photosynthetic eukaryotes.

13.2.1 The Primary Endosymbiosis

Sometime between 1.9 and 1.5 billion years ago, after the establishment of first
eukaryotes, the second bacterial endosymbiosis took place; a phagotrophic, unicel-
lular eukaryote enslaved a Gloeomargarita-like cyanobacterium and transformed it
into a photosynthetic plastid, the primary plastid (Yoon et al. 2004; Gould et al.
2008; Sánchez-Baracaldo et al. 2017; Ponce-Toledo et al. 2017) (Fig. 13.1a). Before
the transformation, however, the eukaryote must have hunted cyanobacteria for
sustenance and engulfed them through phagocytosis. The cyanobacteria not only
produced glucose, a valuable energy source, through photosynthesis but also fixed
nitrogen as well as synthesized amino and fatty acids among other organic molecules
(Tetlow et al. 2005; Kneip et al. 2007; Ku et al. 2014). Moreover, they must have
been incredibly abundant because the oxygen they had produced as a side effect of
photosynthesis changed a weakly reducing Earth’s atmosphere into an oxidizing
environment (Schirrmeister et al. 2015). Altogether, the cyanobacteria were ideal
prey. Yet, through the test of time, they proved more valuable as photosynthesizing
endosymbionts rather than prey (McFadden 2014; Ku et al. 2014). Consequently,
their relationship with their former eukaryotic predator progressed from transient,
through persistent, to obligate, when the hosts could not survive without their
cyanobacterial endosymbionts. For the endosymbionts, it was, however, just the
beginning of changes. To become true cell organelles, like mitochondria before, they
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Fig. 13.1 Schematic representation of the evolution of plastids. Primary plastids share a common
origin because they evolved from a cyanobacterium engulfed by a heterotrophic eukaryotic cell in a
process of primary endosymbiosis (a). This endosymbiosis created three autotrophic lineages (b):
glaucophytes (Glaucophyta), red algae (Rhodophyta), and green algae with their land plant descen-
dants (Viridiplantae). In secondary endosymbioses, red and green algae were horizontally passed to
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had to undergo tremendous transformations that involved three key processes:
(1) deepening metabolic integration with the host cell, (2) genome reduction by
gene loss and endosymbiotic gene transfer (EGT), and (3) evolution of protein
import machineries in the endosymbiont membranes for nuclear-encoded proteins
along with appropriate targeting signals (Cavalier-Smith and Lee 1985; Bodył et al.
2009a).

Primary plastids, just like cyanobacteria (gram-negative bacteria), are separated
from the host (environment) by two membranes, referred to as the outer and inner
membranes, and the peptidoglycan layer. Since cyanobacteria were kept and
digested within phagosomes, the endosymbionts were initially contained by three
membranes. Consequently, there was another precondition for their endosymbiont-
to-organelle transformation, i.e. one membrane must have been lost, and very early
before the establishment of protein import machinery in the endosymbiont envelope
(Bodył et al. 2009a, 2017). Given the fact that the outer membrane of primary
plastids has features related both to eukaryotes (e.g. phosphatidylcholine) and pro-
karyotes (e.g. galactolipids, β-barrel proteins), researchers surmise that the
cyanobacterial outer membrane and the phagosome membrane fused and created
the chimeric outer membrane seen today. This could have happened during
uncoordinated divisions of the endosymbiont while it was escaping the phagosome
(Bodył et al. 2009a, 2017).

To fully understand the enormity of cyanobacterium-to-organelle transformation,
one should also comprehend the difference between the number of proteins required
to keep plastids functional with the number of proteins encoded by their genomes.
According to Huang et al. (2003), primary plastids depend on approximately 2000
proteins but their genomes encode only about 130 of them. Moreover, if we compare
primary plastid coding capacity with that of their closest, free-living relative, the
cyanobacterium Gloeomargarita lithophora, with about 3000 potential protein
coding genes, the massive EGT becomes even more evident, as well as the loss of
numerous bacterial genes that were no longer necessary after the transformation
(Ponce-Toledo et al. 2017).

⁄�

Fig. 13.1 (continued) other eukaryotic lineages; red algae evolved to three membrane plastids of
peridinin dinoflagellates and four membrane plastids of cryptophytes, haptophytes, stramenopiles,
and apicomplexans (c), whereas green algae gave rise to three and four membrane plastids of
euglenids and chlorarachniophytes, respectively (d). Interestingly, cryptophytes and
chlorarachniophytes still retain the reduced nucleus (nucleomorph) of the engulfed red and green
alga, respectively. According to the Chromalveolata hypothesis, there was only one secondary red
alga endosymbiosis and, consequently, all protists with red alga-derived plastids evolved from a
single, red alga-carrying ancestor (Cavalier-Smith 1999, 2013; Zimorski et al. 2014; Gould et al.
2015). However, more and more data support alternative evolutionary scenarios, including hypoth-
eses of serial and multiple endosymbioses, postulating many independent plastid acquisitions
(Bodył et al. 2009b; Stiller et al. 2014; Burki 2017; Bodył 2018)
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13.2.2 Archaeplastida

The primary endosymbiosis gave rise to three new eukaryotic lineages with three
kinds of plastids: Glaucophyta with muroplasts, Rhodophyta with rhodoplasts, and
Viridiplantae (green algae and land plants) with chloroplasts, all united into one
assemblage: the supergroup of Archaeplastida (Figs. 13.1b and 13.2). Almost all
archaeplastidians conduct photosynthesis and only a few lost this ability; however,
even the parasitic forms still retain reduced non-photosynthetic plastids (Krause
2008; Wicke and Naumann 2018). The monophyly of Archaeplastida and the single
acquisition of their plastid by their common ancestor are widely accepted and seem
to be supported by phylogenetic analyses (Mackiewicz and Gagat 2014).

The Glaucophyta is the least numerous phylum of the Archaeplastida supergroup
with only 15 described freshwater species (Price et al. 2017). Their plastids were first
called cyanelles due to their striking resemblance to cyanobacteria (Pascher 1929),
but later the name was changed to more appropriate muroplasts. Similar to other
primary plastids, they are surrounded by two membranes, but in contrast to them,

Fig. 13.2 The eukaryotic tree of life. The tree reflects relationships between the large eukaryotic
assemblages based on recent phylogenetic analyses (for example, see Brown et al. 2013; Yabuki
et al. 2014; Burki et al. 2016; Kern et al. 2020). The black branches correspond to
non-photosynthetic eukaryotic clades, whereas the colored ones to photosynthetic lineages; in the
case of secondary plastid-bearing lineages, green or red color indicates the type of secondary
endosymbiont, green or red alga, respectively. Additionally, plastid-bearing eukaryotes were
marked with filled circles, which also correspond to the type of acquired plastid
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they preserved more characteristics of their common cyanobacterial ancestor, includ-
ing a peptidoglycan layer between the outer and inner muroplast membranes.
Moreover, they possess phycobilisomes (light-harvesting antennae) and unstacked
thylakoids; however, these two features are also shared with rhodoplasts, primary
plastids of red algae (Price et al. 2017). The red algae are the second Archaeplastida
lineage in terms of abundance with more than 7100 mainly freshwater and marine
species reported (Yoon et al. 2017). The most numerous group is Viridiplantae, with
possibly more than 500,000 species, divided into two clades: green algae that are
mainly aquatic and land plants (Scotland and Wortley 2003; Guiry 2012; Judd et al.
2015). Contrary to other archaeplastidians, which are unicellular and colonial
(glaucophytes and red algae) or multicellular (red algae) organisms, land plants
have also developed composite tissue organization (Price et al. 2017; Yoon et al.
2017). The Viridiplantae primary plastid, chloroplast, is the most readily recognized
photosynthetic organelle. Its thylakoids are arranged in grana stacks and character-
ized by a high concentration of photosynthetic pigments: chlorophylls a and b. They
are also the place of starch synthesis, which was secondarily moved from the cytosol
after the Viridiplantae diverged from other Archaeplastida lineages (Ball et al. 2011).

The photosynthetic adventure of eukaryotes has not come to an end with the
Archaeplastida because (1) red and green algae were engulfed by other eukaryotes
and reduced to multimembrane secondary or complex plastids (Fig. 13.1c, d) and
(2) Paulinella independently acquired cyanobacteria-derived endosymbionts. Alto-
gether, the establishment of photosynthetic eukaryotes capable of converting light
into organic compounds triggered the evolutionary radiation on Earth and resulted in
the planet biodiversity we know today (Gould et al. 2008; Archibald 2015)
(Fig. 13.2).

13.3 Paulinella Photosynthetic Species and Its
Chromatophores

Contrary to mitochondria, plastids have been twice established in eukaryotic history.
The other known case of cyanobacterial endosymbiosis was discovered within the
testate filose amoeba Paulinella chromatophora, an organism classified within the
supergroup of Rhizaria, which is phylogenetically distant to Archaeplastida
(Bhattacharya et al. 1995; Fig. 13.2). Compared to primary plastids, Paulinella
photosynthetic bodies evolved relatively recently, about 60–140 million years ago
(Nowack et al. 2008; Delaye et al. 2016), and therefore represent a very unique
opportunity to study cyanobacterial endosymbiosis at a much earlier stage than the
one known from Archaeplastida; many similarities and some differences are being
discovered and this gives researchers a better understanding of the process of
organellogenesis.
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13.3.1 Paulinella Photosynthetic Species

The person who discovered the species that utterly changed our view on
cyanobacterial endosymbiosis and the paradigm of minimizing endosymbiotic
events was a German biologist Robert Lauterborn (Lauterborn 1895). Due to his
remarkably vast knowledge of zoology, botany, microorganisms, and limnology, he
was asked to participate in a long-term project of analyzing water quality of the river
Rhine in Germany; the project was motivated by increasing water pollution caused,
among other things, by industrial development (Melkonian and Mollenhauer 2005).
For many years he studied and described fauna and flora of the river but his most
important discovery was made on Christmas Eve 1894. In a sample collected from
the riverbed of the Rhine near Neuhofen was a special present for the scientific
community, namely P. chromatophora (Lauterborn 1895; Melkonian and
Mollenhauer 2005). It was a new species of photosynthetic testate amoeba harboring
two blue-green, sausage-shaped structures called chromatophores (Lauterborn 1895;
Fig. 13.3).

Since Lauterborn’s discovery, sightings of P. chromatophora have been reported
worldwide (Melkonian and Mollenhauer 2005). This filose amoeba lives mainly in
freshwater but also brackish environments, where it sluggishly moves at the bottom
of water reservoirs (Kepner 1905; Pankow 1982; Melkonian and Mollenhauer
2005). It dwells in eutrophic habitats, characterized by increased salinity, and
lowered pH and oxygen content (Lukavský and Cepak 1992; Melkonian and
Mollenhauer 2005).

Although P. chromatophora was discovered over a hundred years ago, it has not
been studied in much detail because it was not isolated into the culture. New insights
into this fascinating amoeba were provided by the establishment of its first culture in
Germany known as an M0880/a isolate (Marin et al. 2005). The culture was then
used to set up a CCAC 0185 strain containing less bacterial contaminants, the first to
have its chromatophore genome sequenced (Nowack et al. 2008). Later, another
strain, namely FK01, was isolated in Japan and cultured (Yoon et al. 2009). Yoon
et al. (2009) performed comparative morphological and phylogenetic analyses of the
German and Japanese strains and additionally four other Paulinella cell samples
collected in Japan from freshwater environments. Their studies led to the conclusion
that there are two distinct lineages of Paulinella, possibly separate species because
the German and Japanese strains differ significantly both in genetic and morpholog-
ical features (Yoon et al. 2009).

The diversity of Paulinella photosynthetic species became evident with the
establishment of another photosynthetic Paulinella strain KR01, isolated in South
Korea, and its comparison with all the available strains (Lhee et al. 2017). The
phylogenetic analyses of Lhee et al. (2017) revealed that there are three species of
photosynthetic Paulinella: P. chromatophora (CCAC 0185 strain, fitting the original
Lauterborn’s description), P. micropora (strains FK01 and KR01), and
P. longichromatophora (Lhee et al. 2017; Table 13.1). In the phylogenetic trees,
all these species formed a monophyletic clade that split into two evolutionary
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lineages: (1) P. micropora + P. longichromatophora and (2) P. chromatophora
(Lhee et al. 2017). Besides these photosynthetic species, many heterotrophic rela-
tives were also identified: P. carsoni, P. gigantica, P. indentata, P. intermedia,
P. lauterborni, P. multipora, P. ovalis, and P. suzukii. They live in the marine
environment, which, interestingly, is also preferred by a photosynthetic species

Fig. 13.3 Schematic representation of Paulinella before and after cyanobacterial endosymbiosis.
P. chromatophora is surrounded by the cell wall called theca, which is composed of silica scales.
Theca contains an oval aperture through which filopodia enabling the amoeba movement to emerge.
Inside the cell, typical eukaryotic organelles are present, including the nucleus, mitochondria,
vacuoles, and the photosynthetic bodies of cyanobacterial origin (chromatophores). Before
Paulinella acquired its chromatophores and became photoautotrophic, it simply fed on bacteria,
including cyanobacteria. The cyanobacteria were stored before digestion in phagosomes and
consequently separated from the host by three membranes: the phagosomal membrane and a double
cyanobacterial envelope. After digestion in phagosomes, some of their genes would get incorpo-
rated into the host nuclear genome via endosymbiotic gene transfer (EGT), which is a special case
of horizontal gene transfer (HGT) but from an endosymbiont not all available prey. The EGT-,
HGT-, and host-derived genes prepared both the cyanobacterium and the amoeba for a more stable
relationship between the future endosymbiont and the host. Over time, Paulinella learned to benefit
from the prolonged upkeep of its cyanobacterial endosymbiont due to their dietary advantages.
Consequently, similarly to the primary plastids of Archaeplastida, Paulinella cyanobacterial endo-
symbionts escaped phagosomes and became a permanent feature of the host cell
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P. longichromatophora, found in marine sandy sediments of Gomso Bay in South
Korea (Nicholls 2009; Kim and Park 2016).

Paulinella cells are surrounded by an oval theca composed of silica scales
arranged in five rows, with a collar-like aperture for pseudopodia that enable cell
movements (Fig. 13.3). The species differ in size, the arrangement of silica scales,
and their ornamentation (Table 13.1). The internal surface of scales possesses pores
forming ‘sieve-plates’ (Kies 1974). Upon the cell division, a new theca is built in an
exceptional process. New scales are produced in a specialized compartment and then
secreted through the aperture (Kies 1974; Nomura et al. 2014). Each scale is placed
in a proper position by pseudopodia to form a new theca facing the aperture of the
old one. When it is complete, the cell divides in the old theca and each of the
daughter cells possesses one chromatophore (Kies 1974; Nomura et al. 2014). Then,
one of the cells is transferred to the new theca through the connection of apertures,
using force provided probably by vacuole expansion (Nomura et al. 2014). In the last
step of the division, chromatophores of both cells form a U-shaped structure and
divide by binary fission (Kies 1974) (Fig. 13.4).

13.3.2 Paulinella Chromatophores

The most unusual and unique characteristic of photosynthetic Paulinella cells are
two chromatophores that allow the amoeba to perform photosynthesis. Although
they are larger than their bacterial progenitors and shaped like a sausage, their
similarity to cyanobacteria instead of primary plastids was already mentioned in
the Lauterborn’s original description (Lauterborn 1895; Kies 1974).
Mereschkowsky even considered them ‘living’ cyanobacteria within algal cells in
his article introducing the endosymbiotic theory (Sato 2020), but we do know at
present that they are highly integrated structures into the Paulinella cell and unable
to function independently (for review, see Nowack 2014; Bodył et al. 2017).

The early studies by Kies (1974) using electron microscopy revealed that chro-
matophores are surrounded by two membranes with a peptidoglycan layer located
between them. A similar relic of cyanobacterial origin characterizes muroplasts of
glaucophytes (Pfanzagl et al. 1996; Price et al. 2017). Chromatophores also possess

Table 13.1 Morphological differences between Paulinella photosynthetic species (Lhee et al.
2017)

Species P. chromatophora P. micropora P. longichromatophora

Length (μm) 23–29.4 11.5–17 27–35

Width (μm) 16–20 9.1–12.7 14–19

Number of oral scales 3 5 5

Number of scales per row 12–14 8–11 10–12

Ornamentation of external
surface

Fine pores and
pustules

Fine pores and
pustules

Smooth
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carboxysomes, microcompartments involved in CO2 concentration, and thylakoids
covered with cyanobacterial light-harvesting complexes called phycobilisomes
(Kies 1974); the latter are also present in glaucophytes and red algae (Gantt 1975;
Price et al. 2017; Yoon et al. 2017).

Fig. 13.4 Schematic representation of the cellular division of Paulinella chromatophora. Before
the division, the mother cell secretes silica scales needed for the construction of the new theca.
Scales are produced in specialized vacuoles and accumulated near the aperture. Then, using
filopodia, the cell assembles secreted scales into the new theca by placing each scale in a proper
place. When the construction is completed, filopodia are withdrawn and the cell division occurs.
One of the daughter cells containing one chromatophore is then transferred to the newly assembled
theca. Chromatophores of both cells elongate to form a U-shape structure and then divide, yielding
two daughter cells with two chromatophores each
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Although chromatophores strongly resemble muroplasts, and indeed at some
point were suggested to have evolved from glaucophytes (Raven 2003), phyloge-
netic analyses clearly indicate that they were acquired independently of primary
plastids (Yoon et al. 2009; Burki et al. 2012; Gagat and Mackiewicz 2014). Not only
did they evolve in a separate endosymbiotic event, but in the process that took place
at least 1 billion years after the primary endosymbiosis (Sánchez-Baracaldo et al.
2017). Moreover, chromatophores are derived from an α-cyanobacterium
(containing 1A form of ribulose-1,5-bisphosphate carboxylase/oxygenase,
RuBisCo) of Synechococcus/Prochlorococcus/Cyanobium clade, whereas primary
plastids from a β-cyanobacterium (containing 1B form of RuBisCo) related to
Gloeomargarita lithophora (Marin et al. 2005; Gagat and Mackiewicz 2014;
Ponce-Toledo et al. 2017). Cyanobacteria typically have the 1A form of RuBisCo,
but Synechococcus, Prochlorococcus, and Cyanobium replaced their 1A form with
1B form from a Nitrococcus mobilis-like proteobacterium via horizontal gene
transfer (HGT) (Marin et al. 2007).

The independent cyanobacterial endosymbiosis makes Paulinella photosynthetic
species a unique system from the evolutionary point of view, but what is the status of
these structures? Are they true cell organelles like the primary plastids of
Archaeplastida or still prospective organelles, i.e. endosymbionts? In order to
answer this question, first, we have to define the difference between an endosymbi-
ont and organelle. According to Cavalier-Smith and Lee (1985), endosymbionts
possess all genes necessary for functioning encoded in their genome, whereas
organelles have at least some of them transferred to the host nuclear genome.
Consequently, the organelles do have to import nuclear-encoded proteins synthe-
sized in the host cytosol, but the endosymbionts do not. In other words, the evolution
of protein import machinery seems to define the border between endosymbionts and
organelles (Cavalier-Smith and Lee 1985; Theissen and Martin 2006). In the two
subsequent chapters, we will present how deeply are the chromatophores integrated
into the Paulinella cell and that indeed they fulfill the definition of a true cell
organelle.

13.4 Metabolic and Genetic Integration of Chromatophores
into Paulinella Cell

Paulinella chromatophores are well integrated with their host cell because they
divide synchronously with it, exchange metabolites with it, and are incapable of
independent life (Kies 1974; Kies and Kremer 1979; Marin et al. 2005). The
deepening of metabolic integration between the endosymbiont and the host is one
of the three key elements of the successful endosymbiont-to-organelle transforma-
tion because it provides selective pressure for both parties to tighten the endosym-
biotic relationship. In the case of the endosymbiont genomes, the process will be
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noticeable by loss of genes-encoding proteins: (1) redundant in the host environment
and (2) provided by the host, either EGT/HGT-derived or of the host origin.

13.4.1 Chromatophore Genome Evolution

The high level of integration between Paulinella chromatophores and their host is
reflected in a relatively advanced reduction of the former genomes (Table 13.2,
Fig. 13.5). In comparison with their α-cyanobacterial relatives from the Cyanobium/
Prochlorococcus/Synechococcus clade (Marin et al. 2005; Gagat and Mackiewicz
2014; Kim and Park 2016; Lhee et al. 2019), their genomes were reduced on average
about twofold both in size and coding capacity (Table 13.2, Fig. 13.5). The chro-
matophore genomes are about 1 Mb, whereas the cyanobacterial genomes usually
range from 1.7 to 2.4 Mb; however, the latter can reach even more than 3.34 Mb,

Table 13.2 Comparison of genomes from Paulinella chromatophores, primary plastids, and their
closest cyanobacterial relatives

Organism Name Size in Mb GC%
Protein-
coding genes All genes

Paulinella longichromatophora 0.979 38.8 867 915

Paulinella micropora NZ27 0.977 39.9 863 911

Paulinella micropora KR01 0.977 39.9 860 908

Paulinella micropora FK01 0.977 39.9 860 908

Paulinella chromatophora
CCAC0815

1.02 38 878 926

Cyanobacteria related to
Paulinella (17 genomes)

1.86; 1.64–
3.34

36.4;
30.8–68.7

1999; 1785–
3255

2059;
1839–3404

Cyanobium gracile PCC6307 3.34 68.7 3255 3404

Prochlorococcus marinus
NATL1A

1.86 35.0 1999 2059

Synechococcus sp. WH8102 2.43 59.4 2521 2630

Archaeplastida (4491 genomes) 0.155;
0.011–1.35

37.5;
20.5–57.7

85; 3–273 131; 4–315

Cyanophora paradoxa LB555
(Glaucophyta)

0.136 30.5 149 192

Cyanidioschyzon merolae 10D
(Rhodophyta)

0.150 37.6 207 243

Arabidopsis thaliana
(Viridiplantae)

0.154 36.3 85 129

Cyanobacterium related to
Archaeplastida
Gloeomargarita lithophora D10

3.05 52.2 2945 3084

The data were obtained from the NCBI Genomes database and Lhee et al. (2019). Summary
statistics for Archaeplastida and cyanobacteria contains median and minimum-maximum. The
closest relatives of Paulinella chromatophores were assumed according to the results by (Marin
et al. 2005; Gagat and Mackiewicz 2014; Kim and Park 2016; Lhee et al. 2019)
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Fig. 13.5 Comparison of
genomes from Paulinella
chromatophores, primary
plastids, and their closest
cyanobacterial relatives. The
data were obtained from the
NCBI Genomes database
and Lhee et al. (2019). The
red horizontal line indicates
the median for a given group
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e.g. in Cyanobium gracile PCC 6307. The total number of genes in chromatophore
genomes is about 900, but most cyanobacteria encode from 1900 to 2600 and up to
3404 in C. gracile PCC 6307.

The reduction of primary plastid genomes (plastomes) in Archaeplastida is much
more substantial, i.e. 20-fold, in comparison with their closest cyanobacterial rela-
tive Gloeomargarita lithophora (Ponce-Toledo et al. 2017). Assuming that the latter
still shares genomic features of the plastid ancestor, the plastomes were reduced from
3.05 Mb to mostly 146–160 kb (Table 13.2, Fig. 13.5), and the number of genes
decreased from more than 3000 to only about 130. The most reduced plastome
among archaeplastidians, with the size of 11.3 kb and three protein-coding genes, is
present in a plant endoparasite Pilostyles aethiopica (Bellot and Renner 2015),
whereas the largest, a result of expansion of repeated sequences (90% of the
genome), is maintained in a green alga Haematococcus lacustris (1.35 Mb, 143 pro-
tein-coding genes; Bauman et al. 2018; Smith 2018). The highest number of genes
encoded by the plastome is 315 and was found in a 117-kb plastid genome of a pine
Pinus koraiensis. These numbers, including the extreme cases, emphasize the scale
of reduction of plastid genomes in Archaeplastida.

Assuming that the primary endosymbiosis involving an archaeplastidial ancestor
occurred at least 1.5 billion years ago (Yoon et al. 2004; Parfrey et al. 2011;
Zimorski et al. 2014) and that concerning Paulinella 90–140 million (Delaye et al.
2016) or 124 million years ago (Lhee et al. 2019), it means that the time of Paulinella
endosymbionts’ integration was about 11–17 times shorter. During this evolutionary
period, the primary plastid genomes decreased on average by 2.89 Mb and lost about
2953 genes compared to G. lithophora, whereas the chromatophore genomes
became smaller by 0.87 Mb and poorer by at least 1145 genes than their closest
cyanobacterial relatives. Using these figures, we can estimate that, per 10 million
years, the plastid genomes decreased on average by 19 kb and lost on average
20 genes, while the chromatophore genomes decreased by 62–97 kb and were
deprived of 82–127 genes. These results indicate that the chromatophore genome
reduction is faster than primary plastids’ in the whole period of their evolution. It
results, however, from the fact that the chromatophores are rather at an early
endosymbiotic stage when the genomic changes are more drastic. Since genome
reduction is a nonlinear process, we can assume that a similarly high rate of
evolution was also typical of primary plastids at the beginning of their endosymbi-
osis, and then it slowed down.

The genome reduction is usually associated with a decrease in the GC content
(or increase in the AT content). This bias was found in the reduced genomes of many
microbial endoparasites and endosymbionts (Moran and Wernegreen 2000; Pallen
and Wren 2007; McCutcheon and Moran 2010) as well as in mitochondria and
plastids (Smith 2012). It is also clearly visible in the data gathered in Table 13.2 and
Fig. 13.5 for primary plastid genomes. They are mostly GC-poor, on average 38%,
which is much smaller than 52% in the G. lithophora genome. Chromatophore
genomes have the GC content ranging from 38 to 40%; however, it is not clear
what was the nucleotide content in the ancestor of Paulinella chromatophores
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because their close cyanobacterial relatives are either substantially GC-rich
(Cyanobium and Synechococcus) or GC poor (Prochlorococcus marinus).

The increase in the genomic AT% is usually explained by enhanced mutation rate
(Itoh et al. 2002; Lynch et al. 2006) and Muller’s ratchet, which lead to easier
fixation of mutations by genetic drift in small asexual populations (Moran 1996;
Funk et al. 2001; Woolfit and Bromham 2003). The elevated mutation pressure is
coupled with elimination or decrease in the efficiency of genes-encoding DNA
repair- and recombination-associated enzymes (Shigenobu et al. 2000; Kang and
Hamasaki 2002; Mason et al. 2003; Klasson and Andersson 2004; Moran et al. 2008;
Bendich 2010). The biased gene conversion (Khakhlova and Bock 2006), selection
for translational efficiency and accuracy (Morton 1998) as well as an adaptation for
metabolic efficiency (Jukes and Bhushan 1986; Rocha and Danchin 2002) were also
proposed as a process generating the AT bias.

The chromatophore genomes probably also follow the trend associated with the
increased mutation rate and AT% because the analyses of their genomes revealed
elimination of some genes associated with DNA repair (Nowack et al. 2008). To
these genes belong DNA polymerase I (polA), involved in DNA repair during
synthesis, the genes for UV-excision uvrABCD, the repair ATPase recN, and the
base excision repair gene mutY. Moreover, the DNA mismatch repair protein MutS
is subjected to severe changes in its sequences compared to Synechococcus
sp. WH5701 (Nowack et al. 2008). The increase in the AT content was also
demonstrated for Paulinella micropora strains based on the analysis of mutational
pressure (Lhee et al. 2019).

The chromatophore genomes have lost many other genes necessary for free-living
organisms (Nowack et al. 2008), which indicates that the chromatophores are quite
dependent on their host. It was estimated that 1620 ancestral orthologous gene
families were lost leaving 882 such families in the common chromatophore ancestor,
which constitutes only 35% of the initial set in the cyanobacterial endosymbiont
(Lhee et al. 2019). The chromatophore genomes do not possess genes coding for
enzymes involved in: the tricarboxylic acid cycle, several amino acid biosynthetic
pathways (Arg, Glu, His, Met, Try), cofactors’ syntheses (coenzyme A, NAD,
pantothenate, riboflavin, thiamine), and lipopolysaccharides’ metabolism. The chro-
matophore genomes also lost selected genes necessary for biosynthesis of some
amino acids (Asn, Asp, Cys, Gln, Lys, Phe, Thr, Tyr), biotin, haem (e.g. hemD
gene), and peptidoglycan (e.g. murF gene), as well as those involved in gene
expression (e.g. a DNA ligase ligA), lipid metabolism, and Sec-based secretion
system. In consequence, these pathways are partially incomplete. A sulA gene,
playing a role in cell division, and many genes-encoding membrane transporters
were also lost, which implies that the host took over the control of the chromato-
phore division and metabolite transport (Nowack et al. 2008; Nowack 2014).
Moreover, the chromatophore genomes do not have many unannotated genes that
are characteristic of their cyanobacterial relatives, most probably involved in the
response to environmental changes. These genes were lost as they were redundant
for permanent endosymbionts of the amoeba cell.

368 P. Gagat et al.



On the other hand, and similarly to the primary plastids, the chromatophore
genomes maintained many genes associated with photosynthesis, genetic informa-
tion processing, biosynthesis of other amino acids (Ala, Ile, Leu, Val), fatty acids, as
well as the essential cofactors, such as lipoic acid and folate (Nowack et al. 2008). In
comparison to homologs from free-living cyanobacteria, most genes retained in the
chromatophore genome have been under relaxed selection, which may be associated
with the homogeneous intracellular environment of the host (Lhee et al. 2019). Only
genes fulfilling a role in photosynthesis and thus critical for the chromatophore
function are subjected to very strong selection.

Despite the drastic reduction of the chromatophore genomes after Paulinella
cyanobacterial endosymbiosis, the changes slowed down, according to Lhee et al.
(2019) about 60 million years ago, when Paulinella species diverged from the
common ancestor. Since that time, only 40–44 orthologous gene families have
been lost and only 3–11 pseudogenes have been reported (Nowack et al. 2008;
Lhee et al. 2019). Accordingly, the known chromatophore genomes have a similar
size, GC%, and gene content (Table 13.2, Fig. 13.5). More than 90% of orthologous
gene families (799 cases) are shared between these genomes (Lhee et al. 2019).
Unique chromatophore genes for each species constitute less than 3%
(21 orthologues) of the total genes and do not show specific functional features.
The genomic comparison also showed significant conservation in chromatophore
gene order because only a handful of minor gene rearrangements and up to six
inversion events have been reported (Reyes-Prieto et al. 2010; Lhee et al. 2019). It
may indicate that the genomes already reached an equilibrium or the process of
genomic changes slowed down after the diversification of Paulinella photosynthetic
species. The inhibition of the genome reorganization after its initial revolutionary
changes follows the general trend observed in other intracellular symbionts and
parasites (McCutcheon and Moran 2010).

13.4.2 The Role of EGT/HGT and the Host Proteome
in Chromatophore Integration

The loss of many genes in the chromatophore genomes was considered to have been
triggered by EGT (Martin and Herrmann 1998; Timmis et al. 2004; Huang and Yue
2013). EGT increases the dependence of the endosymbiont on the host and is
profitable for both endosymbiotic partners because the transferred genes can be
more efficiently regulated in the context of the whole host metabolism. Moreover,
the genes located in the nuclear genomes are subjected to lower mutational pressure
and influence of free radicals produced by organelles such as mitochondria and
plastids. The current studies showed that at least 70 genes (or up to 125) were
subjected to EGT in Paulinella (Nowack et al. 2011, 2016; Zhang et al. 2017; Singer
et al. 2017). They constitute no more than 1% of the host nuclear genome. It is also
approximately 10 times less than in the case of the archaeplatidian EGT-derived
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genes, which fraction was estimated from 6 to 24% depending on the method used
and the host nuclear genome considered (Martin et al. 2002; Deusch et al. 2008;
Price et al. 2012; Dagan et al. 2013).

Despite the difference in the number of the EGT-derived genes, most of them in
Paulinella are involved in photosynthesis and photoprotection (Nowack et al. 2011;
Zhang et al. 2017) similarly to Archaeplastida (Reyes-Prieto et al. 2006). Many of
Paulinella EGT-derived genes belong to the family of high-light-inducible proteins.
The expansion of this protein family and its host-supervised regulation may be
associated with the light/oxidative stress to which Paulinella is still subjected,
possibly as a consequence of incomplete metabolic integration of both endosymbi-
otic partners (Zhang et al. 2017). The other EGT-derived genes are responsible for
DNA recombination, DNA repair, and protection against oxidative stress (Nowack
et al. 2011). Interestingly, the transferred genes in Paulinella are small and neutral,
which could facilitate their import into chromatophores across their dense and
charged peptidoglycan layer (Mackiewicz et al. 2012a).

The EGT process is still ongoing in Paulinella, which is exemplified by csoS4A
(in P. chromatophora CCAC 0185) and psaI (in P. micropora FK01) genes. Their
copies are present both in the chromatophore and the nuclear genomes (Reyes-Prieto
et al. 2010; Nowack et al. 2011; Nowack 2014). The nuclear version of csoS4A is
characterized by elevated number of non-synonymous substitutions, suggesting that
this copy will be lost or differentiate to gain a new function (Nowack et al. 2011;
Mackiewicz et al. 2012a; Nowack 2014). In the case of psaI, it is the chromatophore
copy that became a pseudogene because it accumulated two nonsense mutations
(Reyes-Prieto et al. 2010). Thus, the intact nuclear copy could be functional and an
example of a successful transfer according to the general rule favoring the reduction
of organelle genomes (Selosse et al. 2001).

Although EGT seems a natural way to acquire genes necessary for the endosym-
biont, the analyses of the transcriptome and draft nuclear genome from the first
bacteria-free P. chromatophora CCAC 0185 culture revealed that there are much
more genes of bacterial origin that were obtained through horizontal gene transfer
(HGT) from bacteria other than α-cyanobacteria, i.e. via EGT (Nowack 2014;
Nowack et al. 2016). Out of 229 genes, only 58 (~25%) arose through EGT from
the chromatophore genomes. The rest 171 (~75%) are potential HGT-derived genes
from other bacterial sources. It emphasizes the greater importance of HGT than EGT
in the integration of Paulinella chromatophores. Interestingly, many of the HGT
genes have functions that would compensate for gaps in chromatophore metabolic
pathways. These genes are, for example, D-Ala-D-Ala ligase, MurF, a DNA poly-
merase I (PolA), a DNA ligase (LigA), and a serine O-acetyltransferase CysE. They
were most likely obtained from bacteria on which the phagotrophic ancestor of
Paulinella photosynthetic species preyed (Nowack et al. 2016) in accordance with
the ‘you are what you eat’ hypothesis (Doolittle 1998) and the ‘shopping bag’model
(Larkum et al. 2007)—Fig. 13.3. They postulate that a potential host of an endo-
symbiont regularly acquires genes from distinct food sources and that the genes may
be used to establish the endosymbiont as a true cell organelle.
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The importance of the HGTs from various bacteria (especially Chlamydiae and
Proteobacteria) was also postulated for the establishment of mitochondria and
plastids (Ball et al. 2013; Qiu et al. 2013). The contribution of HGT-derived genes
to Archaeplastida plastid proteomes was estimated from 7 to 15% (Qiu et al. 2013).
They mostly participate in the synthesis of small organic compounds, e.g. amino
acids, coenzymes, and vitamins, which are essential in the transformation from
phagotrophy to photoautotrophy (Gagat and Mackiewicz 2017).

Interestingly, Singer et al. (2017) suggest that host genes played an even more
important role in endosymbiont integration than either EGT- or HGT-derived ones.
Out of 433 chromatophore-targeted proteins, only 17 showed a similarity to
α-cyanobacteria proteins (EGT candidates), 26 to other bacteria proteins (HGT
candidates), whereas as many as 390 were of host- or uncertain-origin. It suggests
that the chromatophores are mainly maintained by host proteins that were redirected
to chromatophores. The third group of genes-encoding proteins functionally associ-
ated with primary plastids constitutes a substantial fraction, i.e. 56–65%, also in
Archaeplastida genomes (Qiu et al. 2013).

All these results indicate that both the chromatophore and primary plastid
proteomes evolved by evolutionary tinkering using genes from various sources
and obtained at different stages of their endosymbioses (Ponce-Toledo et al. 2019).

13.5 Protein Import into Cyanobacteria-Derived
Organelles of Archaeplastida and Paulinella

13.5.1 Protein Import into Primary Plastids

Given that evolution likes to repeat itself, primary plastids followed in mitochondria
footsteps and adapted prokaryotic and eukaryotic components to create their import
machineries along with appropriate targeting signals. Both mitochondria and pri-
mary plastids evolved two kinds of import pathways for nuclear-encoded proteins:
(1) based on transport proteins and (2) on vesicular trafficking. The system based on
transport proteins is responsible for the delivery of the vast majority of plastid and
mitochondrial nuclear-encoded proteins and it is called Toc-Tic (the translocon at the
outer/inner chloroplast membrane; Richardson and Schnell 2019; Chen and Li 2017)
and Tom/Tim (the translocon at the outer/inner mitochondrial membrane; Fukasawa
et al. 2017; Wiedemann and Pfanner 2017), respectively. They depend on the
recognition of N-terminal targeting signals called plastid (pTP) or mitochondrial
(mTP) transit peptides and processing proteases that cut off the presequences and
degrade them (Kmiec et al. 2018; Ghifari et al. 2019). For greater clarity, only import
to primary plastids will be discussed in this section as more relevant for inferring
about protein import into Paulinella chromatophores.

Nuclear-encoded, plastid-targeted preproteins are maintained in a translocation-
competent state by cytosolic chaperones, mostly Hsp70. Some pTPs, which are
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phosphorylated by cytosolic serine/threonine kinases, are also bound by 14-3-3
protein in order to increase their rate of import (Waegemann and Soil 1991; Sjuts
et al. 2017). Preproteins chaperoned by either Hsp70 or 14-3-3 and Hsp70 (so-called
guidance complex) are recognized by the outer envelope receptors: Toc159 and
Toc34, in a reversible, GTP-dependent manner and transferred to Toc75 (Soll and
Schleiff 2004; Kessler and Schnell 2004; Paila et al. 2015). Another receptor of the
Toc translocon is Toc64 protein. It contains TPR domains involved in the docking of
Hsp90-bound preproteins, which are then passed to Toc34 (Sjuts et al. 2017). The
translocation across the outer envelope occurs via β-barrel channel Toc75, a protein
belonging to the Omp85 family (Schnell et al. 1994). In the next stage, Tic22
delivers imported preprotein to the Tic translocon (Kouranov et al. 1998; Glaser
et al. 2012). Recently, a new Toc-Tic linking component has been identified, Tic236.
It is anchored at the inner primary plastid membrane and interacts with both Tic20
and the POTRA domain of Toc75 (Chen et al. 2018; Fig. 13.6).

The exact mechanism of preprotein translocation across the inner primary plastid
membrane remains still obscure (Nakai 2018). The classical model of Tic translocon
is composed of Tic20, Tic21, Tic110, and Tic40 proteins. The protein-conducting
channel can be formed by either Tic20 or Tic21; however, models with Tic110
functioning as a pore have also been proposed (Sjuts et al. 2017). It was recently
indicated that Tic110 and Tic20 can form complexes, and accordingly, Tic models
with their interactions have also been published (Chen and Li 2017; Bölter 2018)
though some argue that there is no direct evidence in support of the claim (Kikuchi
et al. 2009, 2013; Nakai 2018). Tic40 interacts with Tic110 and acts as a scaffold for
stromal chaperones Hsp70, Hsp90, and Hsp93 that facilitate pulling of imported
preproteins into the plastid stroma, where the pTPs are cut off (Sjuts et al. 2017;
Fig. 13.6).

The discovery of a novel 1 MDa Tic complex in 2009 resulted in a reconsider-
ation of the classical Tic model (Kikuchi et al. 2009). According to Kikuchi et al.
(2009), the 1 MDa translocon consists of Tic20 acting as a protein-conducting
channel and three subunits of unclear function: Tic56, Tic100, and Tic214. Tic21
may also associate with this complex but only weak interactions were observed
(Kikuchi et al. 2013). Interestingly, Tic110 and Tic40 were not found among
components of the new Tic translocon; however, they were suggested to be recruited
at later stages of translocation (Nakai 2018) or necessary for the import of only some
preproteins (Lee and Hwang 2019; Fig. 13.6).

Regardless of which model is correct, perhaps both are and the Tic complexes
complement each other (Sjuts et al. 2017), the protein import through the Tic
translocon has been shown to depend on stromal redox state (Stengel et al. 2009;
Zhang et al. 2016). Its activity is modulated by additional Tic subunits: Tic32 and
Tic62 which form a regulatory redox-sensing complex (Sjuts et al. 2017). For a long
time, Tic55 was also suggested to be part of this complex but recently it has been
shown to function as a hydroxylase of phyllobilins (Hauenstein et al. 2016).

There is also a small subset of proteins with N-terminal signal peptides targeted to
primary plastids in endomembrane vesicles (CAH1, NPP1, αAmy3, and αAmy7;
Fig. 13.6; Gagat et al. 2013). Their existence was considered to be evidence for the
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so-called ‘early endomembrane trafficking’ hypothesis, postulating vesicular traf-
ficking to operate in the ancestral plastid of Archaeplastida as the first protein import
pathway (Bhattacharya et al. 2007). However, this hypothesis was refuted by multi-
method phylogenetic and bioinformatic analyses of proteins that were supposed to
support it and analysis of presequences of their homologs (Gagat et al. 2013). Gagat
et al. (2013) indicated that vesicular trafficking evolved relatively late in
Archaeplastida plastids, contrary to the Tic-Toc translocons, possibly only in higher
plants, to permit glycosylation and/or transport to more than one cellular

Fig. 13.6 Protein import into primary plastids and Paulinella chromatophores. (a) In the land
plants, the majority of proteins carry transit peptides (pTPs) and are posttranslationally translocated
across the outer (OM) and inner (IM) chloroplast membranes with the help of the Toc and Tic
translocons, respectively, and their pTPs are cleaved of by stromal processing peptidase (SPP).
Only a small subset of proteins is imported in the vesicles of the endomembrane system, including
endoplasmic reticulum (ER) and the Golgi apparatus (GA). (b) In Paulinella chromatophores, some
preproteins possess a signal peptide-like (SP-like) presequence and cross the chromatophore
envelope with the help of the endomembrane system. Then, chaperones located in the
intermembrane space (IMS), such as DegP, PpiA, FkpA, and Hsp70, allow them to get through
the peptidoglycan layer. The translocation across the inner membrane occurs via a simplified Tic
translocon, similar to chloroplasts, which emphasizes the convergent evolution between both
organelles. Interestingly, some proteins imported into chromatophores possess presequences similar
to pTPs called chromatophore transit peptides (crTPs). This suggests that a subset of nuclear-
encoded, chromatophore-targeted proteins uses yet an unidentified channel to cross the outer
chromatophore membrane

13 The Photosynthetic Adventure of Paulinella Spp 373



compartment. They also postulated that Toc75 was the most primordial transport
protein. In support of this claim, it contains both a channel (β-barrel) and receptor
domain and, therefore, could and can translocate proteins without the assistance of
other Toc subunits (Bodył et al. 2009a; Gagat et al. 2013).

13.5.2 Protein Import into Chromatophores

The lack of genes in the chromatophore genomes-encoding components of the
photosynthetic apparatus, including psaE, psbN, and psaK, and many enzymes of
vital biosynthetic pathways renders protein import into Paulinella chromatophores
essential (Nowack et al. 2008; Mackiewicz et al. 2012b). Indeed, Singer et al. (2017)
found that hundreds of nuclear-encoded proteins are synthesized in Paulinella
cytosol and are subsequently imported to chromatophores. Interestingly, they also
revealed that proteins imported into chromatophores form two distinct groups based
on their size: (1) short proteins, which length does not exceed 90 amino acids, and
(2) long proteins composed of more than 268 residues. The former class contains
subunits of the photosystem I: PsaE and PsaK, high-light-inducible proteins
involved in photoacclimation, antimicrobial-like peptides, and others of unknown
functions. The latter class comprises enzymes, including those filling gaps in
metabolic pathways of chromatophores, e.g. pyrroline-5-carboxylate reductase
(ProC) and isopropylmalate dehydrogenase (LeuB); they encode proteins involved
in proline and leucine biosynthesis, respectively (Singer et al. 2017).

Singer et al. (2017) analyzed both long and short proteins for the presence of
typical targeting signals, and short proteins did not seem to contain any. However,
Mackiewicz et al. (2012b) previously predicted for P. micropora (FK01) PsaE, a
signal peptide-like presequence with high confidence (Mackiewicz et al. 2012b).
Interestingly, PsaE of P. chromatophora CCAC 0185 did not possess such an
N-terminal extension but the presence of an alternative, internal, targeting signal
was suggested (Mackiewicz et al. 2012a). Mackiewicz et al. (2012b) also found that
N-terminal domains of PsaK1 and PsaK2 exhibit increased hydrophobicity in
comparison to their cyanobacterial homologs, and therefore could also act as signal
peptides.

Unlike the short proteins, the long ones were shown to possess a conserved
N-terminal presequence, approximately 200 residues long, that was defined as a
chromatophore transit peptide (crTP; Singer et al. 2017). They also used the infor-
mation about crTPs to construct a model based on support vector machine (SVM)
and hidden Markov model (HMM) for in silico prediction of proteins targeted to
chromatophores using P. chromatophora transcript data. When combined with
experimental evidence, the final number of proteins defined as putatively imported
to the chromatophores reached 433. The functional analysis of the set revealed that
they include proteins involved in: (1) processing of genetic information, (2) metab-
olism of amino acids, carbohydrates, lipids, cofactors, and nucleotides,
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(3) photosynthesis and photoacclimation, (4) oxidative stress, and (5) protein trans-
port (Singer et al. 2017).

The first experimental evidence for protein import into Paulinella chromato-
phores was provided by Nowack and Grossman (2012) for small proteins: PsaE,
PsaK1, and PsaK2 of P. chromatophora CCAC 0185. These proteins were shown to
be synthesized on 80S cytoplasmic ribosomes and then associate with the PSI
complex within the chromatophores. Moreover, they used PsaE-specific antibodies
for immunogold labeling and demonstrated that the gold particles accumulated not
only in chromatophores but also in the Golgi apparatus, thereby providing the first
experimental evidence for protein import into chromatophores via the
endomembrane system (Nowack and Grossman 2012). Since the vesicular traffick-
ing depends on signal peptides, their results were in accordance with the model
published by Mackiewicz et al. (2012a, b; Fig. 13.6).

In contrast, the exact import mechanism for long proteins is still obscure. They
are hypothesized to be imported into chromatophores via yet an unidentified
translocon located at the outer chromatophore membrane (Fig. 13.6). Its presence
is suggested by the crTPs, which are similar to pTPs of Archaeplastida. Moreover,
crTPs were shown to allow the import of a yellow fluorescent protein into the
chloroplasts of a tobacco Nicotiana benthamiana (Singer et al. 2017). This strongly
argues for chromatophores containing a similar protein import machinery to the one
present in primary plastids. The core of the archaeplastidian Toc translocon at the
outer membrane is formed by Toc75 protein-conducting channel (Nakai 2018;
Bölter 2018; Fig. 13.6); however, its homolog has been found in Paulinella chro-
matophore genomes or available transcript data so far.

When the preproteins cross the outer chromatophore membrane, there is another
obstacle, i.e. the peptidoglycan wall, to overcome (Fig. 13.6). The small proteins
could simply diffuse through it as they are characterized by the small size and almost
neutral charge (Nowack et al. 2011; Mackiewicz et al. 2012b). The import could also
be facilitated by intermembrane space molecular chaperones, such as DegP, FkpA,
and PipA, which homologs are present in Paulinella chromatophore genomes
(Mackiewicz and Bodył 2010; Mackiewicz et al. 2012a, b).

The final step of protein translocation into the chromatophore stroma is the
passage across the inner membrane. This stage is suggested to occur via a simplified
Tic-like translocon, similar to the one present in plants (Mackiewicz et al. 2012b;
Gagat and Mackiewicz 2014; Fig. 13.6). The complex comprises Tic21, Tic32, and
Tic62 proteins that were identified in either the Paulinella chromatophore or nuclear
genome (Mackiewicz et al. 2012b; Gagat and Mackiewicz 2014; Singer et al. 2017).
Tic21 constitutes the core of the machinery, i.e. the protein-conducting channel,
whereas Tic32 and Tic62 perform the regulatory functions of redox-sensing pro-
teins. Preproteins are pulled into the chromatophore stroma by a molecular motor
composed of Hsp40, Hsp70, Hsp93, and GrpE (Mackiewicz et al. 2012b; Gagat and
Mackiewicz 2014; Fig. 13.6).
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13.6 Antimicrobial Peptides and Evolution
of Cyanobacteria-Derived Organelles

13.6.1 Antimicrobial Peptides

Antimicrobial peptides (AMPs) are ancient and evolutionary conserved molecules
widespread in all domains of life (Bacteria, Archaea, and Eukaryota) that participate
in host defense and/or microbial competition (Kumar et al. 2018). They are short,
generally fall within the range of 10–50 amino acids, do not display any consensus
sequences, but do share some common features, such as (1) positive charge,
(2) hydrophobicity, and (3) amphipathicity. These structural characteristics enable
AMPs to preferentially interact with the negatively charged components of the
bacterial membranes, e.g. lipopolysaccharides, teichoic acids, some phospholipids
(phosphatidylglycerol, cardiolipin, phosphatidylserine) and do not adversely affect
the eukaryotic membranes, which are rich in neutral phospholipids (phosphatidyl-
ethanolamine, phosphatidylcholine, sphingomyelin) and also stabilizing cholesterol
(Bechinger and Gorr 2017). Since AMPs interact with many components of the
bacterial membranes, they are also less prone to select for resistance compared to
traditional antibiotics; developing resistance to them would require changing the
properties of the whole microbial envelope (Andersson et al. 2016; Lázár et al.
2018). AMPs can act on the lipid bilayer in a detergent-like manner and/or penetrate
it by forming pores (Marquette and Bechinger 2018). Both interactions lead to
membrane disruption resulting in cytoplasmic leakage and finally may trigger cell
death. AMPs might also act intracellularly inhibiting, for example, proteases, cell
division and biosynthesis of proteins, nucleic acids, and components of the cell wall
(Kumar et al. 2018).

13.6.2 A Model for AMP-Dependent Cyanobacterial
Endosymbiosis

According to Wollman (2016), AMPs greatly contributed to the establishment of
mitochondria and plastids by facilitating two key processes of endosymbiont-to-
organelle transformation: (1) endosymbiont gene transfer due to bacterial cell lysis
and (2) evolution of efficient protein import machinery by becoming targeting
signals (Fig. 13.7). This hypothesis is supported by the fact that AMPs and transit
peptides of mitochondria and plastids have similar properties that allow them to
interact with membranes of bacterial origin; all show a positive charge and can form
amphipathic α-helices in a hydrophobic environment (Bechinger and Gorr 2017;
McKinnon and Theg 2019). AMPs have also been demonstrated to keep bacterial
endosymbionts in legume plants and insects under control (Login et al. 2011; Tiricz
et al. 2013; Stonoha-Arther and Wang 2018). Interestingly, in agreement with
Wollman (2016) hypothesis, also in Paulinella 39 short chromatophore-targeted,
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nuclear-encoded proteins possess cysteine-rich motifs (CxxC or CxxxxC) and/or
positively charged stretches of amino acids characteristic of some AMPs.

Fig. 13.7 Model for the evolution of protein import into bacteria-derived organelles with antimi-
crobial peptides (AMPs) playing a central role. Wollman (2016) proposed a three-step scenario
explaining the evolutionary transition of AMPs into transit peptides. At first, host AMPs trigger
lysis of the bacterial cell, leading to the release of its content into the cytosol, including DNA; some
fragments of the bacterial DNA are inserted into the host nuclear genome (a). Next, bacteria become
resistant to host AMPs by their uptake using a protein transporter and proteolytic degradation by a
protease (b). In the final step, rearrangements in the host genome lead to the fusion of AMP genes
with other nuclear-encoded genes. As a result, nuclear-encoded proteins acquired cleavable transit
peptides (TPs) able to deliver them to bacteria-derived organelles using the specific transporters,
previously used for AMP uptake. The cell organelles are not in scale, the nucleus is marked in
purple and the bacteria-derived organelle in green
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13.7 Why Did Paulinella Acquire Chromatophores?

It is interesting to ponder over the reasons behind the acquisition of cyanobacterial
endosymbionts by the phagotrophic ancestor of Paulinella photosynthetic species. A
possible explanation is presented in the ‘luggage’ hypothesis (Wouters et al. 2009;
Gagat and Mackiewicz 2017). According toWouters et al. (2009), as long as the host
environment is rich in symbionts or plastid donors, the most beneficial strategy for
the host will be eating them without the need for costly investment in their perma-
nent upkeep. However, if the environment changes or the host enters a new habitat,
the supply of symbionts or plastid donors might diminish. In such conditions, the
selection pressure will favor the acquisition and maintenance of endosymbionts,
even though they require the development of energy-costly mechanisms.

Paulinella seems to fit the ‘luggage’ hypothesis (Wouters et al. 2009) because
heterotrophic species inhabit marine environments, while photosynthetic species
occur in brackish or freshwater reservoirs (Melkonian and Mollenhauer 2005;
Nicholls 2009). This suggests that the acquisition of endosymbionts may have
been associated with environmental/habitat change and consequently limited access
to food. However, there is one Paulinella photosynthetic species,
P. longichromatophora, that dwells in the marine environment (Kim and Park
2016); but does it disprove Wouters et al. (2009) hypothesis?

This species groups with significant support with other photosynthetic Paulinella
on both the nuclear and chromatophore rDNA trees, indicating a single acquisition
of a cyanobacterium by their ancestor (Kim and Park 2016). Interestingly,
P. longichromatophora is closely related to P. micropora, thereby breaking the
monophyly of freshwater Paulinella. If P. longichromatophora had been in the basal
position in the trees to the other Paulinella species, it would have disproved the
‘luggage’ hypothesis (Wouters et al. 2009) because the cyanobacterial endosymbi-
osis would have taken place in the marine environment. The placement of
P. longichromatophora among freshwater Paulinella species indicates that it must
have returned secondarily to the sea (Gagat and Mackiewicz 2017).

Interestingly, the common ancestor of Archaeplastida is also supposed to have
acquired their plastids in a freshwater environment as the plastids’ closest
cyanobacterial relative is a freshwater cyanobacteria G. lithophora (Couradeau
et al. 2012; Ponce-Toledo et al. 2017). Moreover, this is also corroborated by the
fact that glaucophytes, which presumably are the most ancestral Archaeplastida
group, exclusively inhabit freshwater ecosystems (Jackson et al. 2015).

The fact that the freshwater habitats seems to be the cradle of both
archaeplastidians and Paulinella photosynthetic species may also explain why
both lineages lost the ability to phagocytize, which is not the case for many other
plastid bearing lineages, such as euglenids, chlorarachniophytes, dinoflagellates,
haptophytes, and possibly in the case of cryptophytes as well (Bennett et al. 2017;
Fig. 13.2). In contrast to them, Paulinella and Archaeplastida must have evolved in
rather eutrophic (nutrient-rich) environments, where phototrophs can easily acquire
simple compounds by endocytic processes and osmotrophy, which are alternative to
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phagocytosis (Gagat and Mackiewicz 2017). Such conditions have been shown to
drive protist diversification into photoautotrophs and heterotrophs with specialized
trophic strategies (Troost et al. 2005).
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Chapter 14
The Evolutionary Aspects of Legume
Nitrogen–Fixing Nodule Symbiosis

Defeng Shen and Ton Bisseling

Abstract Nitrogen-fixing root nodule symbiosis can sustain the development of the
host plants under nitrogen-limiting conditions. Such symbiosis occurs only in a clade
of angiosperms known as the nitrogen-fixing clade (NFC). It has long been proposed
that root nodule symbiosis evolved several times (in parallel) in the NFC. Two recent
phylogenomic studies compared the genomes of nodulating and related
non-nodulating species across the four orders of the NFC and found that genes
essential for nodule formation are lost or pseudogenized in the non-nodulating
species. As these symbiosis genes are specifically involved in the symbiotic inter-
action, it means that the presence of pseudogenes and the loss of symbiosis genes
strongly suggest that their ancestor, which still had functional genes, most likely had
a symbiosis with nitrogen-fixing bacteria. These findings agree with the hypothesis
that nodulation evolved once at the common ancestor of the NFC, and challenge the
hypothesis of parallel evolution. In this chapter, we will cover the current under-
standings on actinorhizal-type and legume nodule development, and discuss the
evolution of the legume nodule type.

14.1 Nitrogen-Fixing Clade

Plants can host nitrogen-fixing bacteria by forming novel lateral root organs, named
root nodules. Nitrogen-fixing root nodule symbiosis occurs only in the nitrogen-
fixing clade (NFC), which is composed of four orders: Fabales, Fagales,
Cucurbitales, and Rosales. Legumes (order Fabales) and the non-legume genus
Parasponia (order Rosales) form nodules with rhizobium bacteria. Other plants
that can establish a nitrogen-fixing nodule symbiosis are the actinorhizal plants
(orders Fagales, Cucurbitales, and Rosales). They can form nodules with Frankia
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bacteria. It has been hypothesized that nodulation evolved multiple times
(in parallel) in the NFC; eight times with Frankia and twice with rhizobium
(Fig. 14.1). The two major reasons supporting this hypothesis are: first, the ontogeny
of legume and actinorhizal nodules is fundamentally different, and it seems unlikely
that they could have a common ancestor; second, species forming actinorhizal
nodules are rather rare in the three orders in which they occur and independent
gain of nodulation seems more parsimonious than massive loss (Soltis et al. 1995;
Swensen 1996; Doyle 2011). In this chapter, we will first give an overview of the
current knowledge concerning legume and actinorhizal nodule development.

Fig. 14.1 Nitrogen-fixing Clade (NFC). Root nodule symbioses occur only in the NFC, which is
composed of four orders: Fabales, Rosales, Cucurbitales, and Fagales. The occurrence of rhizobial
symbiosis is indicated with blue circles and Frankia symbiosis with red circles. When within a
family, symbiosis occurs only in one or a few genera, then these are indicated in parentheses. The
exception is Fabaceae (legume) family, in which nodulation is very common. Medicago and Lotus
are indicated as model legumes. The phylogenetic tree of the NFC is based on Sun et al. (2016),
distribution of nodulating plants based on Tedersoo et al. (2018)
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14.2 Legume Nodules

The Leguminosae (Fabaceae) is the third-largest angiosperm family (Legume Phy-
logeny Working Group, LPWG 2017) and most of its members can form nodules
with rhizobium (Tedersoo et al. 2018). Rhizobium is the collective name of Gram-
negative bacteria that can form root nodules on legumes and Parasponia. They
belong to different genera, for example, Rhizobium, Bradyrhizobium,
Sinorhizobium, and Mesorhizobium (Peter et al. 1996). Legume nodules are gener-
ally divided into indeterminate and determinate nodules based on whether they form
a persistent nodule meristem or not. In the determinate nodules, a meristem is formed
at the periphery of the primordium, leading to a spherical nodule shape. This
meristem disappears at an early stage of nodule development (Hirsch 1992;
Pawlowski and Bisseling 1996). In indeterminate nodules, a meristem is formed at
the apex of the primordium, and it persists to add cells to the different nodule tissues
throughout the lifetime of the nodule. By this indeterminate growth, nodules obtain
an elongated shape and the central tissue shows a developmental gradient, with the
youngest cells adjacent to the nodule meristem and the oldest cells at the proximal
region near the root attachment point. The zonation of indeterminate nodules is
shown in Fig. 14.2. In the nodule meristem, cells actively divide and are not infected
by rhizobia. In the infection zone, cells derived from the nodule meristem become
infected by rhizobia. Plant cells and rhizobia gradually enlarge and differentiate,
which in both cases involves endoreduplication. In the fixation zone, differentiated
rhizobia (bacteroids) start to fix nitrogen. In the senescence zone, nitrogen fixation
ceases and the cells are degraded (Pawlowski and Bisseling 1996). The model
legumes Lotus japonicus (Lotus) and Medicago truncatula (Medicago) form deter-
minate and indeterminate nodules, respectively. In this chapter, we will first focus on
the model legume species Medicago in the following paragraphs unless otherwise
indicated.

14.2.1 Formation of Indeterminate Legume Nodules

The formation of legume nodules involves two coordinated processes: nodule
organogenesis and bacterial infection. These two processes are triggered by Nodu-
lation (Nod) factors. Nod factors are lipochitooligosaccharides (LCOs) secreted by
Rhizobium bacteria in response to specific compounds, often flavonoids, secreted by
plant roots (Limpens et al. 2015). Rhizobia attach to the root hairs and induce root
hair curling. In this way, rhizobia become entrapped at the root hair tips in a closed
cavity. There, the infection threads are initiated by local cell wall hydrolysis and
invagination of the plasma membrane; subsequently, they grow by tip growth. ROS
(reactive oxygen species) production is presumed to facilitate the oxidative cross-
linking of the infection thread matrix to allow the formation of a tube-like infection
thread (Gage 2004; Brewin 2004). The infection threads traverse the root hair and
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outer cortex cells and reach the mitotically activated inner cortical cells (Gage 2004;
Brewin 2004; Xiao et al. 2014).

Medicago nodule organogenesis starts with anticlinal cell division in pericycle
cells opposite to the protoxylem poles. Subsequently, inner cortical cells (layers C4
and C5) start to divide anticlinally. Cell division is later induced in the endodermis,
and it continues in C4 and C5. When the infection thread has reached the middle
cortical layer (C3), cells of this layer are mitotically activated. This allows the
infection thread to pass the C3 layer, and by continued division C3 forms a
multilayered (future) meristem, which is not infected by rhizobia. When C4 and
C5 have formed about eight cell layers, and the endodermis and pericycle have
formed six to eight cell layers, all these cell layers stop dividing. The C4- and
C5-derived cells become penetrated by infection threads from which rhizobia are
released (Xiao et al. 2014). During this release, they become surrounded by the
plant-derived peribacteroid membrane. In this way, an organelle-like structure,
called symbiosome, is formed (Ivanov et al. 2010). The C4- and C5-derived cells

Fig. 14.2 The zonation in legume indeterminate nodules and actinorhizal-type nodules. Left side:
the zonation of legume indeterminate nodules. In the nodule meristem (M), cells remain mitotically
active and are not infected by rhizobia. In the infection zone (IZ), cells derived from the nodule
meristem become infected by rhizobia, which are released from infection threads. Plant and
rhizobium cells gradually enlarge and differentiate. In the fixation zone (FZ), the infected cells
are fully packed with differentiated rhizobia (bacteroids), which fix nitrogen. In the senescence zone
(SZ), nitrogen fixation ceases, and bacteroids disintegrate and plant cells are degraded. Nodule
vasculatures (NV) are located at the periphery of the central tissue. Right side: The zonation of
actinorhizal-type nodules. Actinorhizal-type nodules are coralloid organs composed of multiple
lobes. Shown here is a simplified nodule zonation with one lobe. Actinorhizal-type nodules have a
central nodule vasculature (NV), with infected cells in the expanded cortex. In the nodule meristem
(M), cells are actively dividing, adding cells to be infected and supporting the growth of the central
vasculature. In the infection zone (IZ), cells become gradually filled with branching Frankia
hyphae. In the fixation zone (FZ) of most host plants, Frankia develops vesicles where nitrogen
fixation occurs. In the senescence zone (SZ), Frankia hyphae and vesicles are degraded. In the
nodules formed by actinorhizal Cucurbitales, the infected cells form an uninterrupted domain, on
one side of the nodule vasculature. The drawing on the zonation of actinorhizal-type nodules is
based on Pawlowski and Demchenko (2012)
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at the periphery of the primordium start to differentiate to form peripheral tissues,
including vascular bundles. The meristem at the apex starts to add cells to the nodule
central tissue as well as the peripheral tissues, including vasculature, by which the
nodule grows (Xiao et al. 2014). The process of infection thread penetration and
symbiosome formation continues in the nodule and occurs in the cell layer adjacent
to the meristem. Upon release, the symbiosomes divide and start to enlarge. Mean-
while, the infected host cells differentiate and enlarge involving endoreduplication,
which is mediated by cell cycle regulator ccs52 (Cebolla et al. 1999). At the
transition from infection to fixation zone the expression of nitrogen fixation (nif)
genes encoding nitrogenase subunits is induced and nitrogen fixation starts (Yang
et al. 1991; de Maagd et al. 2011). This transition seems to involve a molecular
switch as it is associated with several other changes that occur within one cell layer.
This includes the accumulation of starch (Vasse et al. 1990), a major rearrangement
of actin cytoskeleton (Gavrin et al. 2015), and the collapse of vacuole (Gavrin et al.
2014). Further, endoreduplication ceases when cells start to fix nitrogen and the
expression of ccs52 is drastically reduced in the fixation zone (Cebolla et al. 1999).

14.2.2 Nod Factor Signaling Pathway

Genetic studies on the model legumes Medicago and Lotus have revealed a set of
genes that encode components of the Nod factor signaling pathway. Nod factors are
perceived by two types of LysM domain receptor kinases (LysM-RKs) (MtLYK3/
MtNFP in Medicago and LjNFR1/LjNFR5 in Lotus) (Madsen et al. 2003; Radutoiu
et al. 2003; Limpens et al. 2003; Arrighi et al. 2006; Mulder et al. 2006; Smit et al.
2007). Nod factor receptors trigger nuclear calcium oscillations by activating a
signaling cascade, which includes a plasma membrane–localized leucine-rich repeat
receptor kinase (MtDMI2 in Medicago, LjSYMRK in Lotus) (Endre et al. 2002;
Stracke et al. 2002), nuclear membrane–localized cation channels (potassium-
permeable channels: MtDMI1 in Medicago, LjCASTOR and LjPOLLUX in
Lotus; and calcium channels: MtCNGCs in Medicago), and several components of
the nuclear pore complex (e.g., LjNUP85 and LjNUP133 in Lotus) (Ané et al. 2004;
Kanamori et al. 2006; Saito et al. 2007; Charpentier et al. 2008, 2016). Nuclear
calcium oscillations are decoded by a nuclear-localized calcium- and calmodulin-
dependent protein kinase (MtDMI3 in Medicago; LjCCaMK in Lotus) (Levy 2004;
Tirichine et al. 2006). This kinase activates the transcriptional activator MtIPD3/
LjCYCLOPS, which subsequently induces the expression of downstream genes
(Messinese et al. 2007; Yano et al. 2008).

The above-described part of the Nod factor signaling pathway (common symbi-
osis signaling pathway) has been proposed to be co-opted from the more ancient
arbuscular mycorrhiza (AM) symbiosis. This is because all these Nod factor signal-
ing components, except the Nod factor receptors, are also required for AM symbi-
osis. As Myc factors and Nod factors are structurally very similar, it has been
proposed that the receptors involved in perceiving these factors are similar (Limpens

14 The Evolutionary Aspects of Legume Nitrogen–Fixing Nodule Symbiosis 391



et al. 2015). This hypothesis is in agreement with the fact that Myc factors might be
perceived by MtNFP, as the induction of lateral root formation by Myc factors in
Medicago is dependent on MtNFP (Maillet et al. 2011). Furthermore, MtNFP is
required for the early transcriptional changes induced by Myc factors (Czaja et al.
2012). However, Mtnfp and Ljnfr5 knockout mutants are not impaired in AM
colonization (Amor et al. 2003; Radutoiu et al. 2003), suggesting that additional
LysM-RK(s) closely related to MtNFP and LjNFR5 is (are) involved in Myc factor
perception. In line with this, Mtlyk3 and Ljnfr1 mutants have a slightly reduced
mycorrhizal infection (Zhang et al. 2015). The involvement of additional Myc factor
receptors is also supported by the fact that MtLYR1, a paralog of MtNFP, is
upregulated upon mycorrhization (Gomez et al. 2009; Hogekamp et al. 2011;
Gaude et al. 2012), suggesting potential functions in the mycorrhizal association.
Therefore, it has been hypothesized that duplication of ancestral (LysM-RKs) Myc
factor receptor genes enabled neofunctionalization to evolve Nod factor receptors
while maintaining Myc factor perception (Op den Camp et al. 2011). Consistent with
this, a homolog of MtLYK3/LjNFR1 in Parasponia andersonii (Parasponia) has
been recently identified that plays a role in AM and root nodule symbioses
(R Geurts, pers. comm.).

The primary downstream target of MtIPD3/LjCYCLOPS is the gene encoding
the transcription factor NODULE INCEPTION (MtNIN/LjNIN) (Marsh et al. 2007;
Singh et al. 2014), which has been shown to be specifically expressed during
nodulation and it is essential for infection thread formation and nodule organogen-
esis (Schauser et al. 1999; Marsh et al. 2007). In nin null mutants, excessive root hair
curling and deformation are induced by rhizobia, but infection thread, as well as
nodule organogenesis, is blocked (Schauser et al. 1999; Marsh et al. 2007). Dom-
inant active forms of the CCaMK protein or a phosphomimetic version of
CYCLOPS can induce spontaneous nodule organogenesis, and this is dependent
on NIN (Gleason et al. 2006; Tirichine et al. 2006; Singh et al. 2014). In the weak nin
alleles daphne (Lotus) and daphne-like (Medicago), the promoter region of NIN is
mutated. Both weak nin alleles have a dramatically increased number of infection
threads, but nodule formation is absent (Yoro et al. 2014; Liu et al. 2019). This
shows that rhizobial infection and nodule organogenesis can be uncoupled. A
detailed study of the promoter region of Medicago NIN revealed that the 5 kb region
upstream of the NIN start codon is sufficient for the epidermal infection process, but
nodule organogenesis requires a remote upstream cis-regulatory region to induce the
expression of NIN in the pericycle. This remote region contains putative cytokinin
response elements and is conserved in legume species. The gene encoding cytokine
receptor 1, which is essential for nodule primordium formation, as well as the B-type
cytokine response regulator RR1, is expressed in the pericycle cells prior to the
induction of NIN in the pericycle (Liu et al. 2019). Taken together, it is very likely
that NIN expression is initially triggered by cytokinin signaling in the pericycle, and
this initiates nodule primordium formation. So, at early stages of nodule primordium
formation, the expression of NIN is induced at two positions (and in different ways):
first, induction of NIN in the epidermis cells to initiate infection thread formation;
second, activation of NIN in the pericycle cells by cytokinin signaling to initiate
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nodule organogenesis. At later stages of primordium formation, the expression of
NIN extends to the dividing cortical cells. NIN is closely related to NIN-LIKE
PROTEINs (NLPs), which are widely present in vascular plants. NIN is orthologous
to Arabidopsis NLP1, which is involved in nitrate signaling. NIN has lost the nitrate
signaling domain, and its expression came under the control of the Nod factor
signaling cascade (Suzuki et al. 2013; Chardin et al. 2014; Van Zeijl et al. 2015).
NIN has also been shown to be essential for actinorhizal-type nodules (Casuarina
glauca and P. andersonii) (see below). Therefore, its recruitment into the nodule
formation process represents a major step in the evolution of nodulation.

NIN activates the expression of Nuclear transcription factor Y subunit A-1
(MtNF-YA1/LjNF-YA1) (Soyano et al. 2013). In Medicago, MtNF-YA1 is necessary
for rhizobial infection and proper formation of nodule meristem (Combier et al.
2006; Xiao et al. 2014; Laporte et al. 2014); In Lotus, LjNF-YA1 is required for
normal nodule organogenesis (Hossain et al. 2016). MtNF-YA1 can positively
regulate the expression of the ethylene response factor required for nodulation 1
(ERN1), which encodes an AP2/ERF transcription factor and is essential for infec-
tion thread formation (Andriankaja et al. 2007; Middleton et al. 2007; Cerri et al.
2012). Nodule formation also requires several other genes. For example, Rhizobium-
directed polar growth (RPG) is required for infection thread progression in root
hairs, where it controls the process of polar growth (Arrighi et al. 2008). Two GRAS-
domain transcription factors NSP1 and NSP2 are also essential for infection and
nodule organogenesis (Kaló et al. 2005; Smit et al. 2005). In Medicago epidermis
cells, they promote the expression of ERN1 and infection marker Early nodulin 11
(Cerri et al. 2012).

14.2.3 General Aspects of Legume Nodule Formation

Above we described different aspects of legume nodule development and focused on
the model plant Medicago. However, most of what we described is in general
relevant for most legumes, although variations on the described processes occur.

The infection-by-infection threads that start in the epidermis seem to be the most
advanced form of infection. However, rhizobia can enter the roots without forming
such infection threads in some legumes. For example, in Lupinus albus infections
occur between epidermal cells (González-Sama et al. 2004). Further, rhizobia can
also enter through natural cracks at the lateral/adventitious root base in an
intercellular manner, known as “crack-entry.” This is, for example, the case in
some Sesbania and Aeschynomene species (Sprent 2007).

Nodule ontogeny and anatomy are well conserved within the Leguminosae. In all
cases, they have central infected tissue and peripheral vascular bundles. The central
tissue is derived from the mitotically activated cortical cells. The determinate and
indeterminate nodule types are different with respect to the persistence of the
meristem.
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In all studied legume species, the rhizobia are hosted intracellularly. In most
cases, they are in symbiosomes that are not attached to the infection threads.
However, in some species of the basal legume genus Chamaecrista rhizobia are
present in fixation threads. These are extensions of infection threads that can fill a
major part of infected cells (Naisbitt et al. 1992). These intracellular fixation threads
are very similar to the mode of intracellular infection in actinorhizal nodules (see
below). In symbiosomes as well as fixation threads a symbiotic interface is created as
no or very little matrix is present between the membrane of the host and that of the
rhizobia. In Medicago, it has been shown that the formation of this symbiotic
interface involves the recruitment of a symbiosis-specific exocytosis pathway
involved in arbuscule formation in the AM symbiosis (Ivanov et al. 2012). In line
with the common symbiosis signaling pathway, that is also recruited from the AM
symbiosis, we hypothesize that this symbiosis-specific exocytosis pathway is widely
used in the legume family during nodule formation.

In all legumes that have been studied the common symbiosis signaling pathway is
essential. This pathway is activated after the perception of Nod factors. In the few
cases that root nodule formation is activated by rhizobia that do not make Nod
factors, for example, some Aeschynomene species (Okazaki et al. 2016), members of
the common symbiosis signaling pathway are still essential for nodulation (Fabre
et al. 2015). This suggests that in these species a new receptor is evolved that can
(also) activate the common symbiosis signaling pathway. In addition to the common
symbiosis signaling pathway, NIN has been shown to be a key player in nodule
organogenesis and infection, in all species that have been studied.

14.3 Actinorhizal Nodules

In contrast to rhizobial symbiosis, the actinorhizal species occur in markedly more
plant families, which belong to three different orders (Fagales, Cucurbitales, and
Rosales) (Soltis et al. 1995; Swensen 1996). While the vast majority of the legume
species can establish a nodule symbiosis, the number of species that can form
actinorhizal nodules is rather low. The phylogenetic relationship of genera
containing actinorhizal plants is in general rather distant, and genera with
actinorhizal species can be part of a family with many genera without actinorhizal
species. For example, in the Betulaceae family Alnus spp. can form nodules, whereas
their close relatives Betula spp. do not (Bousquet et al. 1989). This scattered
occurrence of actinorhizal species is one of the arguments that was used to support
the hypothesis that actinorhizal nodulation is evolved several times independently
(Soltis et al. 1995; Swensen 1996; Doyle 2011) (Fig. 14.1).

Nodule formation on actinorhizal plants is induced by Frankia bacteria. They are
filamentous Gram-positive bacteria, which can be phylogenetically divided into
three main clusters. Strains from Frankia Cluster I can nodulate most actinorhizal
plants of the order Fagales. The strains from Cluster II, which is sister to the other
Frankia clusters, have a broad range of host plants belonging to four families within
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the orders Rosales and Cucurbitales. Frankia Cluster III strains nodulate plants from
two families of the order Rosales, and two genera from the order Fagales.
Actinorhizal nodules are coralloid organs composed of multiple lobes. Each lobe
has a central vascular system and infected cells in the expanded cortex. Due to the
apical meristem of each lobe, the infected cortical cells are arranged in a develop-
mental gradient, similar to indeterminate legume nodules. The cells in the apical
meristem remain mitotically active, adding cells to be infected and supporting the
growth of the central vasculature. Adjacent to the meristem is the infection zone,
where the cells become gradually filled with branching Frankia hyphae. Subse-
quently, in the nitrogen fixation zone of most host plants, Frankia develops vesicles
where nitrogen fixation can take place. In the infected cells of the senescence zone,
Frankia hyphae and vesicles are degraded (Pawlowski and Demchenko 2012; Santi
et al. 2013) (Fig. 14.2).

14.3.1 Actinorhizal Nodule Formation

Several studies have indicated that actinorhizal nodules originate from root pericycle
cells. Upon Frankia infection, mitotic activity is induced in the pericycle cells
opposite to protoxylem poles. It has been concluded that these cells form nodule
primordia from which the nodules develop. These nodules superficially resemble
modified lateral roots. However, they are different from lateral roots; for example,
they do not form a root cap or an epidermis. The nodule vasculature is at the central
position of this lateral root-like nodule, of which cortex cells are infected by Frankia
in an intracellular manner (Pawlowski and Bisseling 1996; Pawlowski and
Demchenko 2012). Similar to nodules formed by some basal legumes (e.g.,
Chamaecrista), actinorhizal infection threads form fixation threads that fill the
infected cells and stay attached to the infection threads. Frankia, in the fixation
threads, forms vesicles. There, the nitrogenase is produced to fix nitrogen, and the
vesicles provide a compartment that protects nitrogenase against oxygen damage
(Pawlowski and Demchenko 2012).

Although Parasponia spp. form nodules with rhizobia, the nodule structure and
development resemble those of actinorhizal nodules. Rhizobia enter the root through
the intercellular space of epidermis and cortex. Similar to Frankia in actinorhizal
nodules, rhizobia are hosted in fixation threads (Lancelle and Torrey 1984, 1985; Op
den Camp et al. 2011, 2012). Based on the shared features between actinorhizal
nodules and Parasponia nodules, they are collectively referred to as actinorhizal-
type nodules. The common features of actinorhizal-type nodules have a central
vasculature and infected cells are located at the periphery. In these cells, nitrogen-
fixing bacteria surrounded by a plant-derived membrane are intracellularly
accommodated.
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14.3.2 Shared Common Signaling Pathway

In legumes, the common symbiosis signaling pathway and NIN play a key role in
infection and nodule organogenesis. Therefore, it has been tested whether this is also
the case in plants forming actinorhizal-type nodules. These studies focused on
C. glauca (order Fagales) and Datisca glomerata (order Cucurbitales), because
these species can be transformed. They belong to different orders and, because of
their phylogenetic position within the NFC, they can represent plants in which
nodulation evolved independently. The common symbiosis signaling component
symbiosis receptor kinase (SYMRK) has been studied in both C. glauca and
D. glomerata. These studies involved knock-down approaches which showed that
SYMRK is essential for nodulation in both species (Gherbi et al. 2008; Markmann
et al. 2008). This suggests that in both cases the common symbiosis signaling
pathway has been recruited to support nodule formation. Further, similar to legumes,
an auto-active version of CgCCaMK can induce spontaneous nodules in C. glauca.
This construct can also induce nodule formation in Discaria trinervis (Svistoonoff
et al. 2013). As D. trinervis belongs to the order Rosales, it suggests that also in this
order the common symbiosis signaling pathway is important for nodulation. As
mentioned above, PanNFP is also required for nodulation in Parasponia (Op den
Camp et al. 2011) as this receptor activates the common symbiosis signaling
pathway in legumes; this suggests that this is also the case in Parasponia.

Similar to legumes, NIN is also needed for nodule formation in C. glauca, as the
downregulation of CgNIN reduces the nodule number (Clavijo et al. 2015). Further,
NIN is induced in nodules of D. glomerata (Demina et al. 2013), suggesting a role
for NIN in nodule formation. The best study of the function of NIN in actinorhizal-
type nodules was performed in Parasponia, in which PanNIN is essential for nodule
formation. Similar to legumes, PanNIN regulates the expression of PanNF-YA1
during the early symbiotic response (Bu et al. 2019). Therefore, the common
symbiosis signaling pathway and the nodule-specific NIN both play an important
role in actinorhizal-type nodule formation. This is shared with legume nodule
formation.

The involvement of the common symbiosis signaling pathway in actinorhizal
nodulation suggests that Frankia makes LCO molecules similar to Nod factor.
However, the non-characterized signal molecules of Cluster I Frankia strains
(ACN14a and CcI3) that induce symbiotic responses are hydrophilic and resistant
to chitinase degradation, in contrast to the properties of Nod factors that are
amphiphilic and chitinase-sensitive (Chabaud et al. 2016). Further, broad host
range Rhizobium sp. NGR234 strain and its purified Nod factors cannot elicit root
hair deformation on A. glutinosa, suggesting that A. glutinosa does not recognize
Nod factors (Cérémonie et al. 1999). Intriguingly, nodABC-like genes have been
identified in the genome of Cluster II Candidatus Frankia datiscae Dg1 strain, a
microsymbiont of D. glomerata (Persson et al. 2015). However, no strain from
Cluster II is culturable, which hinders the identification of Frankia LCOs. Although
the presence of LCOs has not yet been confirmed, it is tempting to propose that Nod
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factor-like molecules produced by Dg1 trigger actinorhizal nodule formation in
D. glomerata. As the Frankia strains from Cluster II form the basal group of the
symbiotic Frankia clusters, it has been hypothesized that the last common ancestor
of the symbiotic Frankia strains contained the canonical nod genes, but these are
subsequently lost in the progenitor of Frankia Clusters I and III (Persson et al. 2015).
This is consistent with the absence of these nod-like genes in Frankia Clusters I and
III. Therefore, similar to legume-rhizobium symbiosis, the genetic components of
the common symbiosis signaling pathway and (at least) NIN are shared. This is the
first indication that legume and actinorhizal-type nodules share a common origin.

14.4 Recent Phylogenomics Studies on Root Nodule
Evolution

Nitrogen-fixing root nodule symbiosis exclusively occurs in plant species belonging
to four orders that together form the nitrogen-fixing clade (NFC) (Fig. 14.1). As the
occurrence of nodulating species is rather scattered within this clade, it was hypoth-
esized that nodulation evolved several times within this clade (Soltis et al. 1995;
Swensen 1996). However, two recent phylogenomic studies questioned this hypoth-
esis. These studies revealed that several genes essential for establishing root nodule
symbiosis are independently lost or pseudogenized in the non-nodulating relatives of
nodulating species in the NFC. The first study compared the genome sequence of
Parasponia species with that of its closely related non-nodulating sister genus
Trema (Cannabaceae, order Rosales). This showed that NFP/NFR5, NIN, and
RPG, which are essential for nodulation, are lost or pseudogenized in the genomes
of Trema species. A similar loss or pseudogenization has occurred in more distantly
related non-nodulating Rosales species (van Velzen et al. 2018). The second study
compared the genomes of multiple nodulating and non-nodulating plants across the
four orders of the NFC. This revealed the independent loss or pseudogenization of
NIN and/or RPG in the non-nodulating species (Griesmann et al. 2018). As these
pseudogenized/lost symbiosis genes are orthologues of genes specifically involved
in nodule symbiosis, these findings suggest that massive loss of nodulation occurred
in the NFC and challenged the view that nodulation evolved several times in parallel.

This massive loss of the nitrogen-fixing nodule trait is counterintuitive as nitrogen
fixation is considered to be beneficial for the host plant. However, the massive loss of
nodulation suggests that this trait became less favorable during the period that loss
occurred. The occurrence of widespread loss of nodulation can be best explained by
environmental factors that changed on a global scale. Such a factor could be the level
of atmospheric CO2, which is important for photosynthesis. Decreasing CO2 levels
can explain not only the occurrence of massive loss of nodulation in diverse lineages
but also the differences in the timing of loss, from very recent (such as Trema) to
more ancient (such as Prunus) (van Velzen et al. 2019). During the general decrease
of CO2 levels, there were several geological periods with the particularly steep
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decline of CO2 levels. Nitrogen fixation is a high energy–demanding process and
therefore it requires a high level of photosynthesis. Therefore, the reduced atmo-
spheric CO2 levels could have become a limiting factor for plant growth, which
made nodulation a less favorable trait (van Velzen et al. 2019). Reduced photosyn-
thesis does block nodulation (Taylor and Menge 2018). So, in the periods with
decreasing CO2 levels nodulation might have been blocked and there would have
been no pressure to maintain this trait, by which it could have been massively lost.
Decreasing CO2 levels can explain not only the occurrence of massive loss of
nodulation in diverse lineages but also the differences in the timing of loss, from
very recent (such as Trema) to more ancient (such as Prunus) (van Velzen et al.
2019).

The massive loss of nodulation has led to the hypothesis that the common
ancestor of the NFC evolved a symbiosis with nitrogen-fixing bacteria. In all
nitrogen-fixing root nodule symbiosis, the bacteria are hosted intracellularly and
always surrounded by a plant-derived membrane. Based on this, it was proposed that
the common ancestor of the NFC can form an intracellular symbiosis in existing root
cells. Subsequently, nodulation was proposed to have evolved independently in
different lineages (Parniske 2018). The latter was proposed because of the funda-
mental differences in nodule ontogeny of, for example, legume-type and
actinorhizal-type nodules. In contrast, van Velzen et al. (2019) proposed a single
gain of nodulation by the common ancestor of the NFC. However, such a single gain
of nodulation hypothesis did not take account of the proposed fundamental differ-
ences regarding the ontogeny of the two nodule types.

14.5 The Actinorhizal Nodule Type Is Most Likely
Ancestral to the Legume Nodule Type

Recently it was shown that actinorhizal-type nodules and legume-type nodules are
more similar than previously described. The property that they share is that in both
cases cells derived from the mitotically activated root cortex form the infected tissue
of the nodule in which bacteria are hosted intracellularly (Shen et al. 2020).

The major difference between the legume-type and actinorhizal-type nodules is
the ontogeny of the nodule vascular bundles. In the case of the actinorhizal-type
nodules, they are formed from pericycle-derived cells, whereas the legume nodule
vasculatures are derived from cortical cells. Furthermore, it was shown that a loss-of-
function mutation in Medicago truncatula (Medicago) MtNOOT1 led to the forma-
tion of nodule vasculatures from pericycle-derived cells. So, an ontogeny similar to
that of actinorhizal-type nodule vasculatures. Therefore, knockout of MtNOOT1
causes a homeotic switch from a legume-type nodule to an actinorhizal type regard-
ing the ontogeny of nodule vasculature (Shen et al. 2020).

So, on one hand, it was shown that the ontogeny of the two nodule types is more
similar as in both cases cortex-derived cells form the infected nodule tissue. Further,
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as homeotic mutations often cause a reversion to an ancestral phenotype
(Garcia-Bellido 1977; Wellmer et al. 2014), this suggests that legume-type nodules
evolved from actinorhizal-type nodules. These findings support the hypothesis that
the common ancestor of the NFC evolved the nodulation trait (single gain), and this
was an actinorhizal-type nodule.

When nodulation evolved in the common ancestor of the NFC, it was most likely
induced by Frankia bacteria. This implies that there was a switch from Frankia-
induced nodulation to rhizobium-induced nodulation in Parasponia and in legumes.
A striking difference between legume-type and actinorhizal-type nodules is that, in
general, the rhizobia are released from infection threads in legume nodules, and are
present, as the organelle-like structures, in the cytoplasm of host cells. In contrast,
bacteria are not released from infection threads in actinorhizal nodules, but stay
present in fixation threads that remain connected to the infection threads (reviewed in
Pawlowski and Demchenko 2012). This seems not very surprising for the filamen-
tous Frankia bacteria. However, also in Parasponia nodules, the rhizobia are hosted
in fixation threads. Rhizobia cannot be released in Parasponia nodules, because the
fixation thread is surrounded by a (thin) cell wall (Lancelle and Torrey 1984, 1985).
In the nodule cells of most legumes, the cell wall-free droplets are formed at the tip of
infection threads, by which the rhizobia can be pinched off and become encapsulated
by a host membrane (reviewed in Ivanov et al. 2010). However, rhizobia are not
released from infection threads in nodules of some Chamaecrista species and
fixation threads are formed (Naisbitt et al. 1992). This suggests that this basal legume
maintained some characteristics of actinorhizal-type nodules, supporting the hypoth-
esis that legume-type nodules evolved from actinorhizal-type nodules.

14.6 Evolution of Hemoglobin Genes to Facilitate Oxygen
Supply in Nodules

All root nodules face a so-called oxygen dilemma of nitrogen fixation. In the infected
cells, the oxygen requirement of rhizobia/Frankia is high to produce sufficient ATP
for the reduction of atmospheric nitrogen to ammonia. However, nitrogenase is
sensitive to oxygen, which can irreversibly denature nitrogenase. To solve this
dilemma, symbiotic hemoglobin genes have evolved that are specifically expressed
in nodules. These genes evolved from non-symbiotic hemoglobin genes that plants
use to modulate levels of toxic NO and redox potentials, and oxygen transportation
at low levels (Vázquez-Limón et al. 2012). These non-symbiotic hemoglobin genes
have been divided into class I and class II types. Legumes (precisely species of
Papilionoideae subfamily) use leghemoglobins to facilitate the transportation of
oxygen to the rhizobia at low oxygen concentrations. These have evolved from
class II hemoglobin genes (Ott et al. 2005). Chamaecrista fasciculata is a species
from the legume subfamily Caesalpinioideae. It has been suggested that the property
of C. fasciculata hemoglobin (ppHb) is intermediate between that of class I
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hemoglobin and leghemoglobin, suggesting that ppHb evolved independently from
the leghemoglobins of Papilionoideae species (Gopalasubramaniam et al. 2008). In
line with this, the majority of actinorhizal plants (Alnus firma, Myrica gale (order
Fagales), D. glomerata (order Cucurbitales) and Ceanothus thyrsifloru and
Parasponia (order Rosales)) evolved (nodule-specific) hemoglobins from class I
hemoglobins for oxygen supply in their nodules (Sasakura et al. 2006; Heckmann
et al. 2006; Pawlowski et al. 2007; Sanz-Luque et al. 2015; Salgado et al. 2018). In
the actinorhizal species C. glauca (order Fagales) a nodule hemoglobin evolved
from a class II hemoglobin. Taken together, it shows that there has been pressure to
evolve a hemoglobin-based oxygen supply system, and this most likely evolved
independently several times.

The Parasponia species all have a symbiotic hemoglobin gene (HB1) that is
derived from a class I hemoglobin. This is the result of Parasponia-specific gain-of-
function adaptations in HB1, which did not occur in Trema hemoglobin genes
(Sturms et al. 2010; Kakar et al. 2011; van Velzen et al. 2018). This suggests that
the common ancestor of Parasponia and Tremamade nodules, but lacked symbiotic
hemoglobins. These did evolve in the Parasponia branch, but not in the Trema
branch. This suggests that nitrogen-fixing efficiency within the Trema branch was
markedly lower than in the Parasponia branch. This might have contributed to the
loss of the nodulation trait in the Trema branch. It will be interesting to study
whether non-nodulating species within the NFC had symbiotic hemoglobin genes.
This can provide insight into what extent the lack of symbiotic hemoglobin genes
could have contributed to the loss of the nitrogen-fixing trait.

14.7 Tissue Organization of Nodule Vasculatures
in Legume- and Actinorhizal-Type Nodules

In actinorhizal-type nodules, vasculatures have a central position and are surrounded
by infected cells. In contrast, legume-type nodules have a central infected tissue that
is surrounded by peripheral vasculatures. We propose that this different spatial
organization of vasculatures and infected tissue led to the evolution of different
tissue organization of nodule vasculatures to support efficient nutrient exchange. In
actinorhizal-type nodules, the central vasculature consists of multiple xylem and
phloem poles. This organization seems well adapted to nutrient exchange (e.g.,
ammonia and carbohydrates) between the surrounding infected cells and the host
plant through this central nodule vasculature (Fig. 14.3a, b). In legume-type nodules,
the peripheral vasculature is composed of one xylem pole and one phloem pole
(Guinel 2009) (Fig. 14.3c). This relatively simple organization seems sufficient for
an efficient exchange of nutrients between the central tissue with infected cells and
the host plant through the peripheral vascular system. The ontogeny of the nodule
vasculatures in these two nodule types is different, pericycle-derived in actinorhizal-
type nodules, cortex-derived in legume-type nodules. Therefore, the different tissue
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organization between the actinorhizal-type and legume-type nodule vasculatures
could be due to their different ontogeny. Medicago Mtnoot1 mutants provide a
possibility to test this hypothesis as the ontogeny of their nodule vasculatures has
become more actinorhizal-like.

The nodule vasculature of wild-type Medicago consists of one phloem and one
xylem pole, with the xylem pole facing the exterior of nodules and the phloem pole
facing the infected cells (Fig. 14.3c). In contrast, in Medicago Mtnoot1 mutant
nodules a file of xylem cells with a xylem pole at both ends is formed in the middle
of the vasculature, and this is sandwiched by two phloem poles. This results in a
diarchy patterning. One of the phloem poles faces the exterior of the nodule, the
other one facing the interior of the nodule (Fig. 14.3d). These results show that the
tissue organization of Mtnoot1 nodule vasculatures becomes more complicated,
resembling the vascular patterning in actinorhizal-type nodules. This supports the
hypothesis that the ontogeny of nodule vasculatures contributes to their tissue
organization. In line with this, the tissue organization of Lotus japonicus noot-
bop-coch-like1 mutant (mutation in the ortholog of MtNOOT1 in L. japonicus)
nodule vasculature also becomes more complicated (Magne et al. 2018), similar to
that of Medicago Mtnoot1 and actinorhizal-type nodule vasculatures.

Fig. 14.3 The tissue organization of nodule vasculature in different nodules. (a–d) Cross-sections
of nodules formed by Alnus glutinosa (Alnus) (a), Parasponia andersonii (Parasponia) (b),
Medicago truncatula (Medicago) (c), and Mtnoot1 mutants (d). Below are dark-field images to
visualize xylem cells. (a, b) In actinorhizal-type nodules, the vasculature is centrally localized,
surrounded by infected cells (inf). The nodule vasculatures have multiple poles of xylem (x) and
phloem (p) cells. (c) In Medicago nodules, the peripheral vasculatures show a collateral organiza-
tion of xylem and phloem tissues, with one phloem pole facing the infected cells and one xylem pole
facing the exterior of the nodule. (d) In Mtnoot1 nodules, a file of xylem cells with a xylem pole at
both ends is formed in the middle of the vasculature. The xylem cell file is sandwiched by two
phloem poles. One of the phloem poles faces the infected cells; the other one faces the exterior of
the nodule. ed, endodermis of nodule vasculature. Scale bars: 50 μm
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So why would a nodule vasculature with a simpler tissue organization have
evolved in legumes? We propose that creating unnecessary xylem and phloem
poles causes a waste of energy. Therefore, simpler nodule vasculatures induced by
legume NOOT1 might be an advantage.

14.8 Evolution of Legume-Type Nodules

We hypothesize that the evolution of legume-type nodules from actinorhizal-type
nodules is (at least) a two-step process: (1) actinorhizal-type vasculatures formed at
the periphery of nodules, similar to legume noot1 nodules; (2) creating legume-type
nodule vasculatures by recruiting legume NOOT1.

The second step requires the repression of cell division in the pericycle-derived
cells. In line with this, we showed that the expression ofMtNOOT1 is induced in the
pericycle-derived cells in the Medicago nodule primordia. Combined with the
phenotype of Mtnoot1 mutants, we suggested that Medicago MtNOOT1 fulfills a
cell-autonomous function in repressing cell division in the pericycle-derived cells. In
line with this, PanNOOT1, an ancestral NOOT1, is not expressed in the pericycle-
derived cells of Parasponia nodule primordia (Shen et al. 2020). This suggests the
neofunctionalization of the cis-regulatory elements after the duplication of NOOT in
legumes. The comparison with Parasponia suggests that it maintained its original/
ancestral expression in the meristem of the nodule and it acquired a new expression
domain in the pericycle-derived cells. The latter led to the evolution of legume-type
nodules.

Then, what could drive the proposed first step of legume-type nodule evolution,
which positioned vasculatures at the periphery of the nodule? It has been observed
that the vasculatures of Mtnoot1 nodules can originate at the central basal part but
grow toward the peripheral region of the nodule and seem unable to grow in between
the cells that will form the infected tissue (Fig. 14.4). This could be (partly) due to
the characteristics of legume infected tissue, which is more compact, compared with
the infected tissue of actinorhizal-type nodules. We hypothesize that the character-
istics (e.g., patterning of cell division) of cells that form the infected tissue can
control the positioning (central vs. peripheral) of the nodule vasculature in these two
types of nodules, and this is independent of legume NOOT1.

Nodulation is very common in legumes; the peripheral positioning of nodule
vasculatures has been proposed to be one of the reasons that legume nodulation is so
successful (Downie 2014). In the cells of nodule vasculature, oxygen is required to
generate ATP to satisfy the energy demands of the vasculature. In the case of central
nodule vasculature, it is surrounded by infected cells that consume a lot of oxygen.
Further, in these cells, the leghemoglobin facilitates the transport of oxygen to the
mitochondria at a low oxygen concentration. As leghemoglobin binds oxygen it
even further decreases the availability of oxygen to nodule vascular cells. Therefore,
it has been proposed that peripheral vasculature is an advantage as more oxygen will
be available (Downie 2014).
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Chapter 15
Early Molecular Dialogue Between
Legumes and Rhizobia: Why Are They So
Important?

Oswaldo Valdés-López, María del Rocío Reyero-Saavedra,
Mariel C. Isidra-Arellano, and María del Socorro Sánchez-Correa

Abstract Legume-rhizobia symbiosis has a considerable ecological relevance
because it replenishes the soil with fixed-nitrogen (e.g., ammonium) for other plants.
Because of this benefit to the environment, the exploitation of the legume-rhizobia
symbiosis can contribute to the development of the lower input, sustainable agricul-
ture, thereby, reducing dependency on synthetic fertilizers. To achieve this goal, it is
necessary to understand the different levels of regulation of this symbiosis to
enhance its nitrogen-fixation efficiency. A different line of evidence attests to the
relevance of early molecular events in the establishment of a successful symbiosis
between legumes and rhizobia. In this chapter, we will review the early molecular
signaling in the legume-rhizobia symbiosis. We will focus on the early molecular
responses that are crucial for the recognition of the rhizobia as a potential symbiont.

Keywords Common symbiosis pathway · Nodulation · Calcium spiking · Nodule
inception · Root nodule symbiosis

15.1 Introduction

Nitrogen is an essential component in most of the biological molecules, including
nucleic acids (i.e., DNA and RNA), amino acids, and proteins. Thus, nitrogen is
considered as a vital element for any organism, including plants. Despite being an
abundant element in the atmosphere, only limited resources of inorganic nitrogen are
available to plants, primarily in the form of nitrate and ammonium. Thus, nitrogen
availability is considered as one of the main limitations for the global agriculture
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yield (Pankievicz et al. 2019). To tackle this limitation, different strategies have been
used, such as crop rotation, coculture with legumes, and the use of fertilizer mainly
in the form of animal waste. At the beginning of the twentieth century, Fritz Haber
and Carl Bosh developed a process allowing the production of synthetic nitrogen
fertilizers on an industrial scale. The use of synthetic nitrogen fertilizers was the
main factor contributing to a drastic increase in crop production and meeting a global
food demand (Erisman et al. 2008). However, during their manufacturing, a consid-
erable amount of CO2 and N2O, two of the major greenhouse gasses, is released to
the atmosphere (Lassaletta et al. 2014). Additionally, the intense use of synthetic
fertilizers has also led to the contamination of the groundwater, eutrophication of
freshwater, and soil salinization (Galloway et al. 2003; Zhang et al. 2015). Because
of all these global sustainability considerations, the use of synthetic fertilizers in
global agriculture cannot be considered as a sustainable strategy for food production.
Thereby, it is imperative to develop sustainable agriculture with low dependence on
synthetic fertilizers.

Unlike most land plants, legumes can grow in nitrogen-deficient soils. This is
because legumes can engage in symbiosis with nitrogen-fixing soil bacteria collec-
tively known as rhizobia (Castro-Guerrero et al. 2016). This symbiosis not only
allows legume to grow in nitrogen-deficient soils with no synthetic nitrogen fertilizer
inputs but also replenishes the soil with fixed-nitrogen (e.g., ammonium) for other
plants (Castro-Guerrero et al. 2016; Ferguson et al. 2019). Because of these benefits
to the environment, the exploitation of the legume-rhizobia symbiosis can contribute
to the development of lower input, sustainable agriculture, thereby, reducing depen-
dency on synthetic fertilizers. To achieve this goal, it is necessary to understand the
different levels of regulation of this symbiosis to enhance its nitrogen-fixation
efficiency.

To establish the legume-rhizobia symbiosis (hereafter referred to as root nodule
symbiosis), two plant genetic programs are required. The first one allows the
rhizobia to colonize the roots of the legume host, whereas the second one is required
for root nodule development, a new organ where rhizobia are hosted and fix nitrogen
(Venkateshwaran et al. 2013). Although both genetic programs are necessary to
establish a successful symbiosis with rhizobia, the genetic program controlling the
rhizobial infection is considered to be a crucial step because it controls early
molecular responses required for the mutual recognition between both partners,
and any defect in this program can lead to the abortion of the symbiosis
(Venkateshwaran et al. 2013). Hence, in this chapter, we will review the early
molecular responses of the legume-rhizobia symbiosis. We will focus on those
early molecular responses that are crucial to recognizing rhizobia as a potential
symbiont, and we will also discuss how this knowledge can be translated into
nonlegume plants.
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15.2 Recognizing the Rhizobial Call

Under nitrogen-deficient conditions, legumes secrete flavones and isoflavones into
the rhizosphere. These secondary metabolites not only attract compatible rhizobia to
the root hairs but also activate rhizobial genes involved in the synthesis of diffusible
lipochitooligosaccharides with specific chemical decorations named Nodulation
Factors (NFs) (Dénarié et al. 1996). The legume host perceives NFs at the epidermal
level through at least three LysM receptor-like kinases named NF Receptor5 (NFR5)
and NFR1 in the model legume Lotus japonicus, and NF Perception (NFP) and
LYK3 in the model legume Medicago truncatula (Radutoiu et al. 2003;
Broghammer et al. 2012). The third receptor is named as epidermal-NFR (NFRe)
and amplifies the NF signal in L. japonicus root epidermal cells (Murakami et al.
2018). Mutant plants in any of the NFR5/NFP or NFR1/LYK3 receptors severely
affect the communication between legumes and rhizobia (Radutoiu et al. 2003;
Broghammer et al. 2012). In contrast, the nfre mutant plants are still able to react
to NF, but they develop fewer nodules (Murakami et al. 2018). NFRe has an active
kinase domain able to phosphorylate NFR5, which, in turn, regulates NFRe down-
stream signaling (Murakami et al. 2018). This evidence indicates that NFR5/NFP
and NFR1/LYK3 are the first receptors to detect the rhizobial call, whereas NFRe is
in charge of expanding this symbiotic signal beyond the root hair cells.

Rhizobial access to the legume host roots is controlled by two-stage sequential
mechanisms. Both NFR1 and NFR5 participate in the first mechanism by triggering
the symbiotic signal transduction in L. japonicus (Kawaharada et al. 2015). The first
mechanism of rhizobial recognition activates the second level of recognition, in
which the bacterial exopolysaccharides (EPS) play a key role (Fraysse et al. 2003).
Different lines of evidence indicate that the detection of bacterial EPS by the plant is
a crucial step to act positively or negatively in response to compatible or incompat-
ible rhizobia, respectively (Kawaharada et al. 2015, 2017). The detection of EPS is
mediated by the EPS receptor3 (EPR3) in L. japonicus (Kawaharada et al. 2015).
Upon NFs perception, the expression of EPR3 is activated in the rhizobia-infected
root hairs (Kawaharada et al. 2015). Comprehensive analyses in epr3 mutant plants
indicate that this receptor regulates both root and nodule infection by the compatible
rhizobia (Kawaharada et al. 2015, 2017). Thus, the coordinate interplay between the
NF and EPS receptors is crucial to properly detect the compatible rhizobia and
initiates the root nodule symbiosis.

15.3 Decoding the Rhizobial Signal Through a Common
Symbiosis Pathway

Upon perception of both NFs and EPS, a series of molecular events, including the
transcriptional activation and phosphorylation of several symbiosis-related genes
and proteins, are activated (Venkateshwaran et al. 2013). The phosphorylation of
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proteins is a crucial step for deciphering the NFs signal. Several lines of evidence
attest to the intricate phosphorylation cascade mechanism required to decode the
NFs signal. For instance, a phosphoproteomic study onM. truncatula roots revealed
that 66 different proteins were differentially phosphorylated upon a one-hour treat-
ment with NFs purified from Sinorhizobium meliloti (Rose et al. 2012). A
coimmunoprecipitation-based proteomic assay also led to the identification of a
receptor-like cytoplasmic kinase (RCLK) that phosphorylates NFR5 (Wong et al.
2019). This RCLK, named as NiCK4 because it does interact with NFR5, is an
important link between the perception of NFs by NFR5 and the symbiotic molecular
events occurring at the nucleus in L. japonicus (Wong et al. 2019).

It is believed that phosphorylation cascades are required to activate an ancient
plant common symbiosis pathway (CSP), so-called because it controls the establish-
ment of both root nodule and the arbuscular mycorrhizal symbiosis as well as the
endophytic interactions with other beneficial soil-microbes (Venkateshwaran et al.
2013; Skiada et al. 2020). Among the components of this signaling pathway, the
leucine-rich repeat receptor-like kinase, Does not Make Infections 2 (DMI2) in
M. truncatula or SYMRK in L. japonicus, which is localized at the plasma mem-
brane of root hair cells, participates in a receptor complex to perceive NFs (Singh
and Parniske 2012). It has been demonstrated that DMI2 interacts with the
3-hydroxy-3-methylglutaryl coenzyme A reductase 1 (HMGR1), which participates
in the mevalonate biosynthesis in M. truncatula (Kevei et al. 2007). Other proteins
participating in the CSP include the calcium channels DMI1 in M. truncatula and
Castor/Pollux in L. japonicus, CNGC15, which are localized at the nuclear envelope,
as well as different nucleoporins (e.g., NUP85, NUP133, and NENA). This set of ion
channels, alongside mevalonate, is required to generate rapid oscillations in the
nuclear and perinuclear calcium concentration described as calcium spiking (Kim
et al. 2019; Kanamori et al. 2006; Peiter et al. 2007; Saito et al. 2007; Groth et al.
2010; Charpentier et al. 2016). Calcium spiking is an indispensable signal to
establish both root nodule and arbuscular mycorrhizal symbiosis. This conclusion
is based on the fact that castor/pollux and dmi1 mutant plants are unable to activate
calcium spiking and therefore fail to nodulate and form a symbiosis with arbuscular
mycorrhizal fungi (Imaizumu-Anraku et al. 2005). Additionally, there is evidence
that the Early Phosphorylated Protein1 (EPP1) is a key component required to
activate the calcium spiking, thereby, controlling the activation of the CSP in
M. truncatula (Valdés-López et al. 2019).

Calcium spiking is decoded by a nuclear calcium/calmodulin-dependent protein
kinase (DMI3/CCaMK) that further transduces the signal by phosphorylating the
transcriptional activator IPD3/CYCLOPS (Lévy et al. 2004; Miller et al. 2013; Singh
et al. 2014). In turn, IPD3/CYCLOPS activates the expression of the transcription
factor Nodule INception (NIN), which subsequently promotes the expression of the
Nuclear Factor Y (NF-Y) complexes NF-YA and NF-YB (Soyano et al. 2013). The
coordinated action of these transcription factors alongside the interplay between the
transcription factors Nodulation Signaling Pathway2 (NSP2)/NSP1, Ethylene
Response Factor Required for Nodulation1 (ERN1), and ERN2 is required to
activate the expression of several genes, whose participation is crucial to coordinate
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the rhizobial process (Genre and Russo 2016) (Fig. 15.1). Comprehensive studies on
mutant plants in each of the components of the CSP attest to the relevance of this
ancient pathway to properly initiate the root nodule symbiosis.

15.4 NIN, a Master Regulator of the Root Nodule Symbiosis

Although several transcription factors participate in the decoding of the NFs signal,
there is an indication that NIN is the most important regulator of the root nodule
symbiosis. This assumption is because NIN controls the expression of genes partic-
ipating in rhizobial infection, nodule development, and in the regulation of nodule

Fig. 15.1 Early molecular events required to establish the root nodule symbiosis. Under nitrogen-
deficient conditions, legumes release flavones and isoflavones into the rhizosphere. These second-
ary metabolites attract the compatible rhizobia to the root hairs. In turn, rhizobia release the
so-called NFs, which are detected by the legume host through the LysM receptors NFR5/NFP,
NFR1/LYK3, and NFPe. EPS, which are detected by the receptor EPR3, also play a crucial role
during the rhizobial recognition process. Upon NFs and EPS detection, a series of molecular events
(e.g., gene expression and protein phosphorylation) are activated. The transcription factor NIN
plays a crucial role in the establishment of the root nodule symbiosis
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number (Soyano et al. 2014; Vernié et al. 2015; Liu et al. 2019a). This versatility in
the functions of NIN is explained by the fact that its 20-kb promoter region contains
several cis-regulatory elements essential for the coordination of its participation in
each stage of the root nodule symbiosis (Liu et al. 2019a). Some of the cis-regulatory
elements present in the NIN promoter are crucial for the control of spatiotemporal
expression of NIN, thereby, allowing this regulator to coordinate the different
genetic programs of this symbiosis occurring at the epidermal and cortical cells
(Liu et al. 2019a). The “epidermal” NIN controls the expression of genes partici-
pating in the rhizobial infection process, which implies the remodeling of the cell
wall, membrane cytoskeleton of the root hairs, and epidermal cells where the mutual
recognition between legumes and rhizobia take place (Liu et al. 2019b). A recent
transcriptional analysis of root hairs from nin, nf-ya1, and ern1 M. truncatulamutant
plants not only reinforced the role of “epidermal” NIN in the activation of genes
participating in this cellular reorganization process but also revealed that this
transcription factor regulates the expression of genes participating in nutrient uptake
and in the biosynthesis and perception of different phytohormones, the processes
that are likely important for rhizobial infection (Liu et al. 2019b). In contrast, the
“cortical” NIN, whose expression is activated by the phytohormone cytokinin,
recruits and coordinates the expression of genes belonging to the lateral root
development program, including LOB-DOMAIN PROTEIN 16 (LBD16), STYLISH
(STY), YUCCAs (YUC), and ASYMETRIC LEAVES 2-LIKE 18/LATERAL ORGAN
BOUNDARIES DOMAIN 16a (ASL18/LBD16a) (Schiessl et al. 2019; Soyano et al.
2019). The recruitment of this program is essential to activate the root nodule
development.

NIN not only acts as a positive regulator of the root nodule symbiosis but also as a
negative regulator (Soyano et al. 2014). Evidence in L. japonicus indicates that NIN
positively regulates the expression of rhizobia-induced CLE peptides LjCLE-RS1
and LjCLE-RS2, which belong to the so-called Autoregulation of Nodulation (AON)
pathway (Ferguson et al. 2019). To avoid an excessive nodule formation and,
thereby, an excessive carbon demand from the rhizobia residing inside the root
nodule, the legume host activates the AON pathway (Ferguson et al. 2019). The
relevance of the AON pathway resides in the fact that this pathway restricts both
rhizobial infection and nodule development (Ferguson et al. 2019). Because NIN is
expressed in the different cell types where the root nodule symbiosis occurs, and that
controls different genetic programs, NIN is considered to be a master regulator of
this symbiosis.

15.5 Early Physiological Responses of the Root Nodule
Symbiosis

The molecular responses activated upon NFs and EPS detection are crucial for the
coordination of both physiological and morphological modifications in the root
hairs. The rhizobia-induced root hair deformation is the ultimate response that allows
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the legume host to be colonized by the rhizobia (Roy et al. 2020). To allow this
modification, a series of cellular rearrangements are required. Genetic analyses on
several mutant plants have revealed that modifications in the root hair cell wall and
cytoskeleton are determinants for a proper root hair deformation. For instance,
mutations in the components of the SCAR/WAVE complex Nck-associated protein1
(Nap1) and 121F-specific p53 inducible RNA (Pir1), which coordinate the actin
assembly and, thereby, cell growth, compromise the reorientation of root hair tip
growth in response to rhizobia in the model legume L. japonicus (Yokota et al.
2009).

The ultimate goal of rhizobia-induced root hair deformation is the rhizobia
entrapment and, then, the formation of the infection chamber (Fournier et al.
2015). The formation of the infection chamber is required to form a tubular-like
structure named Infection Thread (IT) (Fournier et al. 2015). IT formation and
extension require both plant cell wall degradation and membrane trafficking proteins
(Roy et al. 2020). Mutation of the Nodule Pectate Lyase gene caused a drastic
reduction in the number of ITs in L. japonicus roots (Xie et al. 2012; Liu et al.
2019b). Likewise, studies on the integral membrane proteins FLOTILLIN2
(FLOT2), FLOT4, and the remorin SYMREM1 demonstrated the role of membrane
process in the IT progression and the infection process in M. truncatula (Haney and
Long 2010; Lefebvre et al. 2010). ITs are crucial structures required to transport
rhizobia from the infection chamber to the cortical cell, which will differentiate into
the root nodule meristem (Roy et al. 2020).

Another response occurring during the rhizobial infection process is the modula-
tion of plant immunity. There are indications that the modulation of the plant
immunity response is a crucial step for successful rhizobial colonization. There is
evidence that the plant immunity response is blocked through protein effectors,
which are “injected” into the plant cell cytoplasm through the secretion system
complex (Cao et al. 2017). Hence, the rhizobia-induced root hair deformation, the
IT formation, and the modulation of the plant immunity response are crucial for the
rhizobial infection process.

15.6 Is It Possible that Nonlegume Plants Interact
with Rhizobia?

One of the golden goals for the international community is to make possible that
nonlegume plants fix atmospheric nitrogen in symbiosis with nitrogen-fixing bacte-
ria. One way to achieve this ambitious goal is transferring rhizobial genes, mainly
those involved in the nitrogen fixation, to other bacteria able to infect and colonize
nonlegume plants. Significant advances in this approach have been made. For
instance, it has recently been reported that the transfer of 12 nitrogen fixation-
related cluster genes from rhizobia to different bacteria species (e.g., Azotobacter
vinelandii) resulted in a high nitrogen flux to cereal crops (Ryu et al. 2020).
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Another way to achieve this goal is transferring symbiosis-related genes from
legumes to nonlegume plants. However, recent phylogenomic studies have revealed
that the components of the CSP are conserved in most land plants, including
nonlegume plants (Delaux et al. 2014). Indeed, it has been demonstrated that the
plant ancestor was “armed” with the majority of the genetic components of the CSP
to symbiotically interact with soil-beneficial microbes (Delaux et al. 2015). Like-
wise, different studies have demonstrated that actinorhizal plants contain most of the
components of the CSP (Hocher et al. 2011). This evidence indicates that the transfer
of symbiotic-related genes is not necessary because the majority of the land plants
have them. Instead, it is necessary to deeply understand how these genes are
regulated in legume plants, and then understand why the nonlegume plants
“decided” to not interact with rhizobia. Having this knowledge will be critical to
achieving the goal that nonlegume plants symbiotically interact with rhizobia and,
thereby, reduce the dependency on synthetic nitrogen fertilizers.

15.7 Conclusions and Perspectives

In this chapter, we summarized and discussed the relevance of the early molecular
events of the root nodule symbiosis. It is clear that the proper regulation of these
molecular responses is crucial for the initiation and establishment of this important
symbiosis. Although significant advances have been made in the last two decades, it
is clear that we are far from fully understanding how these early stages are regulated.
For instance, it is still not clear how the CSP is specifically activated by rhizobia and
activates all the genetic programs leading to a successful root nodule symbiosis.
Likewise, it is imperative to understand how these early stages are regulated in
legumes, and having this knowledge will help us to design experimental strategies
oriented to make possible that the nonlegume plants recognize rhizobia as potential
symbionts.
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Part IV
Diversity of Nematode and Insect

Symbionts



Chapter 16
The Wolbachia Symbiont: Here, There
and Everywhere

Emilie Lefoulon, Jeremy M. Foster, Alex Truchon, C. K. S. Carlow, and
Barton E. Slatko

I want her everywhere. And if she’s beside me, I know I need
never care. But to love her is to need her, everywhere.
Knowing that love is to share. . .

(J Lennon, P. McCartney)

Abstract Wolbachia symbionts, first observed in the 1920s, are now known to be
present in about 30–70% of tested arthropod species, in about half of tested filarial
nematodes (including the majority of human filarial nematodes), and some plant-
parasitic nematodes. In arthropods, they are generally viewed as parasites while in
nematodes they appear to be mutualists although this demarcation is not absolute.
Their presence in arthropods generally leads to reproductive anomalies, while in
nematodes, they are generally required for worm development and reproduction. In
mosquitos, Wolbachia inhibit RNA viral infections, leading to populational reduc-
tions in human RNA virus pathogens, whereas in filarial nematodes, their require-
ment for worm fertility and survival has been channeled into their use as drug targets
for filariasis control. While much more research on these ubiquitous symbionts is
needed, they are viewed as playing significant roles in biological processes, ranging
from arthropod speciation to human health.

16.1 Introduction

It is often the case in biological research that discoveries wait for connections to
realize their full significance. This was the case for Wolbachia endosymbionts,
where seemingly disparate observations coalesced to shed light on the fascinating
biology of Wolbachia and its significance. These Rickettsia-like bacteria were first
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observed in mosquitos in 1924 by Marshall Hertig and Simon Wolbach, who
observed them in ovarian tissue (Hertig and Wolbach 1924). They were formally
named Wolbachia pipientis in 1936, in honor of Wolbach (Hertig 1936) who had
discovered that lice transmit Rickettsia prowazekii, the organism which is the cause
of epidemic typhus. A second seemingly isolated discovery was made almost
20 years after that, in the 1950s by S. Ghelelovitch (1952) and H. Laven (1959)
who discovered that certain crosses within Culex mosquitos were incompatible,
being essentially sterile, i.e. they produced few or no progeny. They named the
phenomenon cytoplasmic incompatibility (CI), as it appeared to be due to a factor
with an inheritance pattern through females but not males. It took another 20 years
for these observations to be connected by Janice Yen and A. Ralph Barr in the 1970s
(Yen and Barr 1973) who established that CI was associated with the presence of the
Rickettsia-like organism that could be removed by antibiotic treatments.

Little did we know then, of the full extent of the presence of female-inherited
Wolbachia in biological systems and their importance.Wolbachia are now known to
have a wide range of phenotypic effects and have complex interactions with their
hosts (Binnington and Hoffmann 1989; Bordenstein and Werren 1998; Bordenstein
et al. 2001; Comandatore et al. 2013; Hoerauf et al. 2003a, b; Kampfraath et al.
2019; Landmann 2019; O’Neill 1989; Saul 1961; Serbus et al. 2008; Telschow et al.
2007; Werren et al. 2008; Zimmer 2001). They appear to have evolved as specialists
in manipulating reproduction and development (or both) in their eukaryotic hosts as
either parasites (arthropods) or mutualists (nematodes), although there can be an
overlap, as some systems have components of each (Dedeine et al. 2001; Lefoulon
et al. 2016; Nikoh et al. 2014; Werren et al. 2008; Zug and Hammerstein 2015).
They have become important in medical applications such as fighting filarial dis-
eases and mosquito-borne human viral diseases (Moreira et al. 2009; Bourtzis et al.
2014; Taylor et al. 2014, 2018). Since their early discovery, a virtual effusion of new
examples of Wolbachia presence (and effects) has been observed in at least 50% of
all tested arthropod species (Table 16.1). PCR, nested PCR, qPCR, microscopy
(including immunostaining, fluorescence, and electron microscopy), metagenomic
approaches, such as next-generation sequencing or hybridization capture technology
can be used to find low levels of Wolbachia (Bridgeman et al. 2018; Brown et al.
2016; Gomes et al. 2017; Hartelt et al. 2004; Lefoulon et al. 2019; Noda et al. 1997).
As most systems have not been examined in these ways, the frequency of species
harboring Wolbachia is likely to be significantly higher, further highlighting that
Wolbachia are the most ubiquitous symbionts on the planet and have been successful
in invading many organisms and ecological niches.

16.2 Phenotypes in Arthropod Wolbachia

In some arthropods, CI is observable as sterility or semi-sterility in crosses between
certain arthropod strains, and thus CI is demonstrated in reciprocal crosses. The
presence of bacteria in ovaries or testes can also be established microscopically
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and/or their involvement implicated by antibiotic or heat-treatment curing. In addi-
tion to CI, Wolbachia can also be associated with male killing, feminization, or
parthenogenesis in different host species. These phenotypes are the result of
Wolbachia selfishly attempting to maintain itself in high frequencies in a population
(Werren et al. 2008). In addition to the primary effect on reproductive behaviors,
Wolbachiamay also induce evolutionary pressure to select for modifications of their
effects, effectively creating reproductive isolation and speciation barriers leading to
long-term evolutionary effects on their host lineages (Hoffmann 1988; Hoffmannn
et al. 1996; Hurst and Jiggins 2000; Werren et al. 2008; Zug and Hammerstein
2015). In arthropods (namely Drosophila and mosquitos), Wolbachia confer resis-
tance to their hosts from pathogens, in particular from RNA viruses. This has led to
development of strategies to utilize Wolbachia to reduce the disease burden of
human viral pathogens in natural populations (see below). In addition, some cases
of nutritional mutualism have been observed in arthropods with biotin supplemen-
tation by Wolbachia in the bedbug or planthoppers (Ju et al. 2020; Newton
et al. 2020; Nikoh et al. 2014). The biotin synthesis operon seems to appear multiple
times independently during Wolbachia evolution (Driscoll et al. 2020; Gerth and
Bleidorn 2017; Bing et al. 2020; Lefoulon et al. 2020a).

Many arthropod Wolbachia species also harbor a WO (named for Wolbachia)
bacteriophage insertion which appears to be related to some of the reproductive
phenotypes associated with arthropod Wolbachia (Fujii et al. 2004; Gavotte et al.
2007; Masui et al. 2001; Wright et al. 1978). That these viruses have not been
eliminated by evolutionary selective pressure suggests Wolbachia bacteriophage
play roles in the growth, maintenance, or development of arthropod Wolbachia
(Tanaka et al. 2009). No intact region or only vestiges of full prophage regions
have been observed in studied Wolbachia genomes infecting filarial nematodes
(Darby et al. 2012; Foster et al. 2005; Martin and Gavotte 2010) even though
vestigial remnants of phage-like genes suggest that in their evolutionary lineage,
Wolbachia associated with these prophages. Recently, the cifA and cifB genes (cif:
cytoplasmic incompatibility factor) contained in the WO region of the Culex
Wolbachia genome were identified as linked with CI parasitism and the wmk gene
(wmk: WO-mediated killing) was described as a candidate gene involved in male-
killing (LePage et al. 2017; Lindsey et al. 2018; Perlmutter et al. 2019). These genes
might be diagnostics for Wolbachia biological systems where it is unclear if repro-
ductive manipulations are present, due to a lack of the ability to perform appropriate
genetic crosses.

In the analysis of phenotypic effects such as reciprocal cross sterility, it is
important to separate the effects and or presence of Wolbachia from a diverse
array of maternally (cytoplasmic) inherited microorganisms that have been discov-
ered that can also alter sex ratio or sex determination in host arthropods. These
include protozoa, spiroplasma, other endobacteria, such as Cardinium (Giorgini
et al. 2009), as well as Rickettsiae (Hsiao and Hsiao 1985; Perlman et al. 2006).
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16.3 Evolution of Wolbachia

Diversity of Wolbachia has been described using phylogenetic analysis of
Wolbachia strains from a monophyletic group comprised of clades, named super-
groups. The first designation of “supergroups” was in 1998 (Zhou et al. 1998; Lo
et al. 2002). The supergroups have been designated A-S, with two supergroups (G,
R) now having been eliminated and merged with preexisting groups. The
supergroups A, B, E, H, I, K, M, N, O, P, Q, and S are exclusively composed of
symbionts of arthropods (Lo et al. 2002; Glowska et al. 2015; Werren et al. 1995;
Ros et al. 2009; Lo et al. 2007; Bing et al. 2014; Bordenstein and Rosengaus 2005;
Lefoulon et al. 2020a). Wolbachia belonging to supergroups C, D, and J infect
exclusively filarial nematodes (Onchocercidae) (Bandi et al. 1998; Casiraghi et al.
2004; Lefoulon et al. 2016). Supergroup L contains exclusivelyWolbachia of plant-
parasitic nematodes (Brown et al. 2016; Haegeman et al. 2009; Jacob et al. 2008).
Supergroup F contains some Wolbachia strains infecting arthropods and some
infecting nematodes (Ferri et al. 2011; Lefoulon et al. 2012, 2020b). It is important
to realize the “supergroup” designation only describes the different evolutionary
lineages (or clades) of Wolbachia, and their limits remain arbitrary.

Recombination events complicate accurate phylogenetics when using single
genes or gene regions (Baldo et al. 2005) and thus a multi-locus sequence typing
(MLST) system was proposed. However, this was developed based primarily upon
analyses of supergroups A and B Wolbachia, as they were the majority of genomes
sequenced at the time. While early on, molecular phylogeny was based on one single
or a few loci, more recently, molecular characterization is based upon multi-locus
phylogeny (Baldo et al. 2006; Ferri et al. 2011; Glowska et al. 2015; Lefoulon et al.
2016; Lo et al. 2002, 2007). With the advent of genomic sequencing coupled with
phylogenetic analysis, there is an effort to revisit the MLST typing paradigm
(Bleidorn and Gerth 2018) or revisit the classification of Wolbachia based on
phylogenomics (Comandatore et al. 2013; Gerth et al. 2014) or “core genome
alignments” (Chung et al. 2018). The notion of Wolbachia species remains under
debate within the community (Ramirez-Puebla et al. 2015; Lindsey et al. 2016;
Chung et al. 2018; Newton and Slatko 2019).

57 draft and 28 complete genomes of Wolbachia have been published and while
this number seems large, in reality, they do not fully represent the full range and
scope of Wolbachia biodiversity. Of these, 15 of the 28 completed genome
sequences are from insect Wolbachia from the A and B supergroups, and 7 are
from Drosophila species. Only 2 are from insects belonging to supergroups F and E
and 4 are symbionts of nematodes (supergroups L, C, or D). Less genome informa-
tion, if any, is available from the other supergroups, for example, from those present
in arachnids (Baldo et al. 2007; Glowska et al. 2015; Johanowicz and Hoy, 1995;
Rowley et al. 2004).

The phylogeny of Wolbachia from filarial nematodes is in need of more analysis
to examine and classify its diversity, as current Wolbachia phylogenetics is largely
non-nematode based. Due to this underrepresentation of sequence diversity,
Wolbachia from diverse filarial nematodes are being investigated, as are Wolbachia
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from other under-represented supergroups. For example, Lefoulon et al. (2020a)
have sequenced pseudoscorpion Wolbachia, of which two species, Geogarypus
minor and Chthonius ischnocheles, are confirmed to be members of clade H. Of
interest is that another pseudoscorpion species, Atemnus politus, appears to represent
a new supergroup S, which also contains Wolbachia from a previously described
pseudoscorpion Cordylochernes scorpioides. Clade S is a sister group to supergroup
C (infecting exclusively filarial nematodes) and to supergroup F (infecting filarial
nematodes and arthropods). Analysis of the evolutionary history of pseudoscorpions
suggests numerous Wolbachia transfers/infections may have occurred. Horizontal
transmission ofWolbachia among insects has been previously documented (O’Neill
et al. 1992; Baldo et al. 2008; Gerth et al. 2013) and while the extent is not fully
characterized, this is certainly a hallmark of Wolbachia evolution.

16.4 The Biology of Wolbachia in Filarial Nematodes

Wolbachia were first observed in the filarial nematodes Dirofilaria immitis, Brugia
pahangi, Onchocerca volvulus, and Onchocerca gutturosa, although not identified
as Wolbachia, in the 1970s (Harada et al. 1970; Kozek 1977; Kozek and Figueroa
1977; Kozek and Marroquin 1977; Lee 1975; McLaren et al. 1975). Intracellular
bacteria were observed in microfilaria (first-stage larvae), female reproductive tissue,
and lateral cords1 (infolded body wall epidermis) of adults. Kozek (1977) suggested
that viewed under the electron microscope, they looked Rickettsia-like and described
their occurrences in various tissues. He also suggested there might be two forms of
the endobacteria. In 1995, Sironi and colleagues (Sironi et al. 1995) identified these
endobacteria in Dirofilaria as Wolbachia by 16S PCR analysis. Since then, studies
have confirmed this observation in many filarial nematodes in the genera
Onchocerca, Bugia, Dirofilaria, Wuchereria, Mansonella, Litomosoides,
Madathamugadia, Dipetalonema, Yatesia, Cruorifilaria, and interestingly, only
one species in the Cercopithifilaria genus, C. japonica.

In filarial nematodes, Wolbachia exist in the hypodermal cells’ lateral cords in
both males and females. These are tissues in which nutrients are mainly obtained
from the host, although some are likely obtained through the digestive system.
Presumably, it is in the lateral cords that Wolbachia interface with the host and
environmental biochemistry. An atypical localization of Wolbachia in the intestinal
cell wall has been observed in the case of Mansonella (Cutifilaria) perforata (Ferri
et al. 2011) and Madathamugadia hiepei (Lefoulon et al. 2012). Interestingly, they
harbored Wolbachia closely related to supergroup F members. Wolbachia are also
found in the ovaries, oocytes, and in a subset of embryonic cells of developing
embryos in females (Kramer et al. 2003). They are not present in the male

1While the literature generally refers to these as lateral chords, we, along with others, feel the proper
designation should be lateral cords, as they are not harmonic musical sets of notes, but rope-like
biological structures.
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reproductive tract and thus, as in arthropods, are female transmitted. They are present
in every developmental stage of the worms but their titer does not increase during the
microfilarial stage or the larval stages in the insect host. After vector transfer to the
vertebrate host from the mosquito vector, the Wolbachia undergo increased multi-
plication and their titer rapidly increases as the larvae develop to the adult stages
(Kramer et al. 2003; McGarry et al. 2004). Microscopy confirmed that there were
few bacteria in mosquito-derived L3 larvae but many, in large groups, in L4 larvae
collected 9 and 21 days after infection (McGarry et al. 2004).

In early embryogenesis, Wolbachia infect a subset of hypodermal precursors,
located in the dorsal-posterior part of the embryo (Landmann et al. 2010, 2014) and
from here, cross cellular membranes to inhabit the germline stem cells and their
progeny (Fischer et al. 2011, 2014; Landmann et al. 2014). They appear to use the
kinesin/actin/dynein cytoskeleton for their movement within cells (Ferree et al.
2005; Serbus and Sullivan 2007), although they are housed inside cytoplasmic
vacuoles, in which they may be able to be transported.

In filarial nematodes, Wolbachia are transmitted through the female germline but
not through the male germline and are first localized in the hypodermis. In early
development in the embryo, Wolbachia are concentrated at the posterior pole of the
egg due to interactions with microtubules and polarized factors (Landmann et al.
2014). During tissue formation, the Wolbachia remain in one blastomere which
gives rise to the hypodermis where they remain during both embryonic development
and in early larval development. From the hypodermis, theWolbachiamigrate to the
germline by invading distal ovarian syncytial tissue, first in the somatic gonadal cells
at the ovarian distal tip. This invasion may be an active engulfment process guided
by ovarian-specific signals recognized by Wolbachia (Landmann et al. 2010, 2012,
2014). Wolbachia thus take a somewhat oblique path to inhabit the female germline
by first passing through the hypodermis.

Using the high-pressure freeze substitution microscopic technique, Wolbachia
appear to be very variable in appearance but usually retain a three-layered double-
membrane structure (Fischer et al. 2014). Actin tails, which might be expected if
used for movement, are not seen, and thus Wolbachia motility in development may
be due to movement of vacuoles, as they may co-opt the host cell’s secretory
pathway to move within and between cells. Wolbachia are most often associated
with cytoplasmic vacuoles and are often associated with glycogen granules on host
cellular membranes (Fischer et al. 2014; Voronin et al. 2016). The vacuoles appear
to be of endoplasmic reticulum origin, likely enabling Wolbachia to escape from, or
reduce the effects of, host primary immune surveillance and response to foreign
pathogen infection (Fattouh et al. 2019).

In filarial nematodes,Wolbachia have developed mutualistic dependence with the
worms as they depend upon this association for their reproduction and survival
(Bandi et al. 1999; Bosshardt et al. 1993; Casiraghi et al. 2002; Chirgwin et al. 2003;
Hoerauf 2003; Hoerauf et al. 1999, 2001, 2003a, b). This obligate mutualist rela-
tionship has taken a different evolutionary trajectory than to that in arthropods
where, in general, organisms can survive without Wolbachia, albeit, in some
cases, with reduced viability. In filarial worms, based upon genomic analysis,
many biochemical pathways have been implicated in the Wolbachia-filarial host
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bidirectional association (Foster et al. 2005; Ghedin et al. 2009; Grote et al. 2017;
Lentz et al. 2013; Wu et al. 2009). These include heme or riboflavin provisioning,
nucleotide biosynthesis, lipoprotein biosynthesis, glycolytic or amino acid metabo-
lism and uptake, bidirectional energy metabolism, potential contributions to immune
defense, and the type IV secretion system (T4SS: secretion protein complex able to
transport proteins and DNA across the cell membrane) (Darby et al. 2012; Foster
et al. 2005; Li and Carlow 2012; Voronin et al. 2016). However, it is important to
bear in mind that the Wolbachia of filarial nematodes are diverse (Lefoulon et al.
2020b); for example, the Wolbachia from Onchocerca ochengi have a reduced
genome size and numerous pathways are incomplete, including the riboflavin
metabolism pathway, suggested as being involved in the mutualism (Darby et al.
2012).

Many symbiotic and pathogenic intracellular bacteria use a T4SS for successful
infection, proliferation, and persistence within hosts (Alvarez-Martinez and Christie
2009; Liosa et al. 2009; Zechner et al. 2012). In filarial Wolbachia, the T4SS may
regulate the riboflavin biosynthesis pathway and interestingly, in some cases, vita-
min B2 supplementation partially rescues parasites treated with antibiotic,
suggesting that they may supply this essential vitamin to their worm hosts (Li and
Carlow 2012). More recent studies have shown that filarial Wolbachia T4SS may
manipulate eukaryotic membrane traffic to help maintain the essential symbiotic
relationship (Carpinone et al. 2018).

In B. malayi, the Wolbachia surface protein is found in conjunction with six
B. malayi glycolytic enzymes, including aldolase, which, confirmed by immuno-
transmission electron microscopy, are associated with the Wolbachia surface
(Voronin et al. 2016). The co-localization suggests that Wolbachia may utilize
host glycogen and its derivatives such as glucose, glycolytic metabolites, and
pyruvate as an energy source, as the genome sequence reveals the bacteria are
missing two key enzymes in the glycolytic pathway, 6-phosphofructokinase, and
pyruvate kinase, and thus are not able to directly convert glucose into pyruvate
(Foster et al. 2005; Voronin et al. 2016, 2019). Extra pyruvate added to the media
increases the Wolbachia population in worms. Inhibition of glycolysis in Brugia
results in decreasing bacterial population, but the phenotype can be rescued by
adding pyruvate, the product of glycolysis (Voronin et al. 2019). This suggests
that Wolbachia with its reduced glycolytic pathway relies on the worm’s glycolysis
in order to obtain pyruvate for energy metabolism.

In filarial nematodes that harborWolbachia (and as mentioned some do not, such
as Loa loa and Acanthocheilonema viteae), they are obligate for worm development,
survival, and fertility, which has been confirmed with antibiotic studies. The few
studies of filarial nematodes withoutWolbachia have not revealed major differences
in metabolic capabilities, suggesting that one role of Wolbachia may be more of a
mutually dependent “interactive regulatory” one or that each Wolbachia-worm
association may be unique.

Wolbachia depletion using antibiotics leads to extensive apoptosis in germline
tissue, developing embryos, and developing microfilariae, but not in the hypodermal
cords where cytoskeleton defects are nonetheless induced. While the exact
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mechanisms are unclear, the lack of apoptosis in lateral cord cells and most all other
somatic tissues suggests the suppression event is not an “all or none” global
consequence of Wolbachia depletion. Further, apoptotic suppression occurs in
embryonic cells that contain Wolbachia, it is not suppressed in those without it
(only a few early embryos possess Wolbachia) (Landmann et al. 2011).

Since autophagy is a major intracellular defense mechanism,Wolbachia appear to
have developed mechanisms to evade it, for their benefit in ensuring conveyance to
the next generation. A major autophagosomal marker is associated with vacuoles
containing Wolbachia, but it is also found inside bacteria. Interestingly, the induc-
tion of autophagy in worms initiates lysosomal activity and the lysosomes attack
Wolbachia directly.Wolbachia do induce a chain of events in normal worms, similar
to that observed in other pathogen systems, suggesting that Wolbachia still is
recognized as a foreign invader. As the host must surely maintain autophagic
systems for defense against other foreign invaders, there must be an evolved
mechanism to maintain a balance between autophagy and suppression for mainte-
nance of Wolbachia, presumably for the host’s own nutritional and biochemical
needs (Voronin et al. 2012).

16.5 Wolbachia as Filarial Drug Targets

The mutualistic dependency for the presence of Wolbachia in filarial nematodes for
their development and reproduction suggested their use as drug targets for antifilarial
disease elimination (Johnston et al. 2014a, b, 2017; Taylor et al. 2005a, b, 2014,
2018). Human filarial nematodes are responsible for severe disease, affecting over
150 million people in more than 80 countries, with over 1 billion at risk of infection
(Molyneux et al. 2003). The nematodes induce lymphatic filariasis (LF) or oncho-
cerciasis (river blindness), depending upon the species. For lymphatic filariasis, the
species are Wuchereria bancrofti, Brugia malayi and B. timori, and for onchocerci-
asis, it is Onchocerca volvulus. Once L3 larvae have been delivered to the animal
host, they develop into adults after two molts and mate to produce first-stage larvae
(microfilaria, mf). Since adult female worms can live for 7–10 years, they continu-
ally shed millions of microfilariae which can be picked up during blood meals by the
requisite transmission insect vector (mosquitos or black flies) to continue the cycle of
infection. LF is characterized by lymphatic system damage and blockage, leading to
swellings in body parts associated with the lymphatics, including the limbs, breasts,
and scrotal sacs in males, for example. In onchocerciasis (cutaneous filariasis), the
worms exist in subcutaneous tissue fibrous nodules (some deep) and give rise to skin
lesions, dermatitis and can lead to blindness (river blindness) when microfilariae
cross the cornea, causing inflammation reactions. LF and onchocerciasis are rarely
fatal but are significant diseases in causing personal and economic devastation.

In every tested filarial nematode harboring Wolbachia (including, but not limited
to, Litomosoides sigmodontis, Brugia malayi, B. pahangi, Mansonella perstans,
Onchocerca ochengi, O. lienalis, O. gutturosa and Dirofilaria immitis), anti-
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Rickettsia antibiotics, such as doxycycline, tetracycline, or rifampicin, result in
effects upon the host worm including inhibition of embryogenesis, infertility, inhi-
bition of larval development, stunting of adult worms, and macrofilaricidal (adult
worm killing) activity. The observed effects, both in vitro and in vivo, correlate loss
of worm functionality with loss or reductions of Wolbachia from worm tissues
(Aljayyoussi et al. 2017; Bandi et al. 1999; Bazzocchi et al. 2008; Coulibaly et al.
2009; Foster et al. 2013; Genchi et al. 1998; Halliday et al. 2014; Hoerauf et al. 1999,
2000, 2003a, b, 2008; Langworthy et al. 2000; Sharma et al. 2018; Specht et al.
2008; Tamarozzi et al. 2011; Taylor et al. 2005b; Townson et al. 2000; Turner et al.
2017). Furthermore, it has not been possible to produce viable worms that are totally
“cured” of their Wolbachia. The adulticide aspect is particularly noteworthy, as
elimination of adults, not achievable with the current available antifilarial drugs,
could stop or reduce transmission by the elimination of the continual source of
microfilariae transmitted to the arthropod vectors. A further advantage of the anti-
Wolbachia drug targeting is the apparent slow onset of antiparasitic activity, thereby
avoiding adverse reactions caused by rapid micro- and/or macrofilaricidal activity
(Mazzotti reactions: Henson et al. 1979). The antibiotic effects upon Wolbachia
confirm the findings that indicate the bacterium provides an essential function to the
host nematode that enables its development and viability. However, at the time, the
existing anti-Wolbachia drugs, notably doxycycline, present challenges as a drug for
mass administration because of the requirement for long treatment times for effects
on worm sterility and viability (4–6 weeks) and contraindications in pregnancy and
in children under the age of 8 (Taylor et al. 2014).

Early approaches for drug targetingWolbachia were based upon genomics and/or
genome mining for sequence information, first from the sequenced B. malayi
Wolbachia genome (Foster et al. 2005; Holman et al. 2009). Using a bioinformatic
pipeline that eliminated human-related targets, several candidate targets were
suggested and researched. These included 2 enzymes involved inWolbachia metab-
olism. Phosphoglycerate mutases (PGM) interconvert 2- and 3-phosphoglycerate in
the glycolytic and gluconeogenic pathways. PGM exists in two distinct forms,
cofactor independent phosphoglycerate mutase (iPGM) and cofactor dependent
phosphoglycerate mutase (dPGM). The iPGM is the only form identified in filarial
Wolbachia and their worm hosts. Since iPGM has no sequence or structural simi-
larity to the dPGM form present in mammals, iPGMwas pursued as a candidate drug
target and specific inhibitors were identified (Foster et al. 2009; Li et al. 2011a;
Raverdy et al. 2007; Yu et al. 2017). The genome filtering approach also revealed
that filarialWolbachia lack the enzyme pyruvate kinase (PK) and may instead utilize
pyruvate phosphate dikinase (PPDK). Most organisms, including mammals, possess
PK exclusively. The absence of PPDK in humans and the lack of sequence homol-
ogy between PPDK and PK suggested that PPDK-specific inhibitors may be iden-
tified (Raverdy et al. 2008). The availability of genomic sequences from filarial
Wolbachia also led to studies on the essential cell division protein FtsZ which has a
GTPase activity. The natural plant product berberine was identified in enzyme
inhibitor screens and was shown to be effective in reducing the motility and
reproduction of filarial parasites in vitro (Li et al. 2011b).
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As a more directed approach, anti-Wolbachia targeting used mass screening of
chemicals, drugs, and biomolecules from varied preexisting diversified or focused
molecular libraries to select inhibitors of Wolbachia development and reproduction,
and thus potentially qualify as antifilarial drugs. This approach first used a developed
cell culture system at the Liverpool School of Tropical Medicine (A.WOL project)
and then in animal models before initiating human clinical trials. It has involved
many industrial and academic partners and has had as a primary goal the identifica-
tion and characterization of drugs that are adulticides that shorten treatments to less
than a week, as there are challenges of patient adherence (Boussinesq et al. 2018;
Gualano et al. 2014; Pechère et al. 2007; Taylor et al. 2014), and are safe for the
target population. A secondary goal has been the development of treatment protocols
which are compatible with the current mass-drug (MDA) procedures.

The A.WOL screening project, using cell culture and animal models, tested
previously identified antibiotics and those developed and repurposed, and also
developed protocols (for instance, for drug combinations) that have been and are
being tested in clinical trials (Bakowski et al. 2019; Boussinesq et al. 2018; Clare
et al. 2015; Debrah et al. 2007, 2011, 2015; Hong et al. 2019; Jacobs et al. 2019;
Johnston et al. 2014a, b; Mand et al. 2012; Specht et al. 2008; Supali et al. 2008;
Tamarozzi et al. 2012; Taylor et al. 2014, 2019; Turner et al. 2006, 2010, 2017;
Walker et al. 2015; Wanji et al. 2009; Von Geldern et al. 2019). The candidate drugs
have advantages over existing anti-Wolbachia compounds by showing higher effi-
cacy than the “gold standard” doxycycline, and which meet their criteria goals. A.
WOL is not the only anti-Wolbachia drug screening program; other laboratories are
also screening for Wolbachia inhibitory compounds, as well (Bakowski and McNa-
mara 2019; Serbus et al. 2012; Shrivastava et al. 2015; Xu et al. 2019).

16.6 The Use of Wolbachia to Reduce Human RNA Viral
Pathogens

In addition toWolbachia being a target for filariasis elimination,Wolbachia are also
being used as a tool for human disease prevention of other mosquito-borne diseases
and as a target for diagnostics (Bourtzis et al. 2014; Slatko et al. 2014; www.
worldmosquitoproject.org; www.oxitec.com; www.mosquitomate.com). In terms
of disease prevention, Wolbachia can protect their arthropod (mostly Drosophila
and mosquito) hosts from pathogens, in particular from RNA viruses (Bourtzis et al.
2014; Caragata et al. 2016; Cardona-Salgado et al. 2020; Chouin-Carneiro
et al. 2019; Ferreira et al. 2020; Ford et al. 2019; Hedges et al. 2008; Moreira
et al. 2009; Marcus et al. 2012; Ye et al. 2013). Two different strategies, using CI,
have been envisioned and implemented: Wolbachia population replacements or
population reduction. Population replacement implies adding, driving, or replacing
a Wolbachia “type” in the insect vector in the population with one that has the
requisite antiparasitic attributes (or has more biologically selective “fitness”) (Cook
et al. 2006, 2008; Ryan et al. 2019; worlmosquitoproject.org).
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Aedes aegypti, the insect vector of many viral pathogens, is not naturally infected
with Wolbachia, but several strains of the Wolbachia bacterium have been success-
fully introduced into it. Containing Wolbachia, these mosquito vectors are resistant,
and largely fail to transmit, viral pathogens such as dengue, chikungunya, Zika,
yellow fever, as well as, malaria. Using this approach for widespread mosquito,
antiviral human disease control requires introduction and maintenance of the
Wolbachia strain in the natural population. Here, the basic biology of arthropod
CI, in which the proportion of Wolbachia-infected individuals increases in the
population and is maintained, plays a significant role.

With CI, males infected with Wolbachia (produced from females containing
Wolbachia) are sterile when they mate with uninfected females; they only give
rise to progeny when crossed with Wolbachia-infected females. However,
Wolbachia-infected females produce progeny when mated with males that are either
infected or not infected. This gives infected females a reproductive advantage and
leads to an increase in the proportion of individuals in the population containing
Wolbachia. The increase in the percentage of females containingWolbachia leads to
decreased frequencies of females able to support and transmit the viral pathogens.
For these “populational replacement” biological control approaches, CI can be
harnessed to establish and maintain Wolbachia-infected mosquito populations in
the field.

The second general strategy, population reduction, is to reduce insect populations
using CI to create and release Wolbachia-containing males which, when mated to
females in the population, results in defective embryogenesis within the females
(O’Connor et al. 2012; Gilbert and Melton 2018; Mains et al. 2019; Crawford et al.
2020; www.oxitec.com; www.mosquitomate.com). This is a form of the sterile
insect technique (SIT), but uses Wolbachia to be the sterilizing agent (in the case
of the ZAP mosquitos from Mosquitomate or a sterilizing gene from Oxitec). Here,
repeated releases of “sterilizing” males (created by CI) are performed to reduce
population size and thus limit vector exposure to the population. Since male mos-
quitoes do not feed on blood and thus do not transmit disease, extensive or repetitive
release of male mosquitoes is not a health or nuisance issue. This strategy involves
the rearing of large numbers of males, created by CI, to be semi-continually released.

Both strategies are being implemented in natural populations, under strict guide-
lines where field testing is providing evidence of the effectiveness of these
approaches. The World Mosquito Program (https://www.worldmosquitoprogram.
org), Mosquitomate (www.mosquitomate.com) with Verily, Inc. (Debug Project,
www.verily.com) and Oxitec, Inc. (www.oxitec.com) are currently field-testing the
large-scale release of Wolbachia-infected Aedes, in communities for local mosquito
control and in those prone to vector-borne human viral outbreaks, to provide
evidence of the effectiveness of these approaches.

It is conceivable that it may be possible in the future to further enhance anti-
parasite effects by creating Wolbachia strains that express a product (for instance, a
microRNA or protein) that would affect pathogen biology or transmission. Using
“genome editing” techniques such as CRISPR, Zn-finger nucleases or TALENS or
WO phage transduction, it might be feasible to create such Wolbachia genomic
alterations (Slatko et al. 2010).
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16.7 Summary

In summary, Wolbachia have morphed from a biological curiosity to a tool for
combating human disease. Considerable and substantial information has been accu-
mulated in the last (almost) 100 years of Wolbachia research, although much
remains to be learned about its host-cellular interactions, immunology, biochemistry,
and populational ecology and evolution.
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Chapter 17
Molecular Regulators of Entomopathogenic
Nematode–Bacterial Symbiosis

Ioannis Eleftherianos and Christa Heryanto

Abstract Entomopathogenic nematodes are parasitic organisms with an excep-
tional capacity to infect rapidly and efficiently a wide range of insect species.
Their distinct pathogenic properties have established entomopathogenic nematodes
as supreme biocontrol agents of insects as well as excellent models to simulate and
dissect the molecular and physiological bases of conserved strategies employed by
parasitic nematodes that cause infectious diseases in humans. The extreme infectiv-
ity of entomopathogenic nematodes is due in part to the presence of certain species
of Gram-negative bacteria that live in mutualistic symbiosis during the infective
juvenile stage, which forms the central part of the nematode life cycle. Both
nematodes and their mutualistic bacteria are capable of interfering and undermining
several aspects of the insect host innate immune system during the infection process.
The mutualistic bacteria are also able to modulate other biological functions in their
nematode host including growth, development, and reproduction. In this review, we
will focus our attention on the mutualistic relationship between entomopathogenic
nematodes and their associated bacteria to discuss the nature and distinct character-
istics of the regulatory mechanisms, and their molecular as well as physiological
components that control this specific biological partnership.
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17.1 Introduction

Bacteria–host interactions are ubiquitous in nature (Ruby 2008). They form complex
relationships that influence critical biological processes such as the nutrition, devel-
opment, and immunity of plants and animals (Hentschel et al. 2000; Ochman and
Moran 2001). Relationships range from being ancient, stable, and beneficial mutu-
alisms, as exemplified by the origin of the mitochondria and chloroplasts from the
endosymbiosis, to those which are more recent, dynamic, and highly pathogenic,
such as the evolution of Yersinia pestis, the causative agent of plague, from a
relatively benign ancestor (Sagan 1967; Parkhill et al. 2001). Although the outcomes
of these interactions have very different consequences for their hosts, there is
increasing evidence that common mechanisms regulate the ability of bacteria to
act as either mutualists or pathogens. Both lifestyles are thought to have evolved
from living in close proximity to their hosts and both require the ability to circum-
vent host immunity and modulate the host environment (Dale and Moran 2006). The
diversity of these associations and their importance to medicine and agriculture
define them as a key area for research (Ochman and Moran 2001; Maurelli 2007).
Recent works have adopted model organisms to determine the overlap between the
nature of molecular signaling pathways and their specific genes that are necessary for
regulating mutualism and pathogenicity lifestyles in bacteria and their invertebrate
hosts. Understanding the genetic mechanisms and dictating the outcomes of
bacteria–host interactions will ultimately allow us to determine how microbes switch
from one lifestyle to another, thus shedding light on the evolution of complex multi-
organism relationships.

Insight into the delicate balance between mutualism and pathogenicity requires a
system that allows for the direct study of both interactions (Chaston and Goodrich-
Blair 2010). Entomopathogenic nematodes are microscopic worms that target and
naturally infect a diverse range of insect hosts, and therefore, they have been
implemented in modern agricultural practices as promising biological control agents
and alternatives to chemical insecticides for managing destructive insect pests of
plants and deleterious vectors of infectious diseases. Due to their remarkable path-
ogenic properties toward various insect stages, and their unique life cycle that
involves mutualistic cooperation with specific bacterial species, entomopathogenic
nematodes have been employed in recent years in biomedical research as outstand-
ing and simultaneously environmentally safe tools for unraveling the molecular and
physiological basis of mutualistic relationships in animals, and resolving pathoge-
nicity mechanisms in nematode–bacterial complexes, in relation to the host innate
immune function. The mutualistic bacteria of entomopathogenic nematodes perform
critical biological tasks that are not restricted only to promoting pathogenicity and
compromising the insect immune system during infection, but they also protect their
nematode host by producing antimicrobial molecules to support the growth of other
competitive bacteria. In addition, they promote nematode dispersal and develop-
ment, growth, and reproduction by supplying nutrients from the bioconverted insect
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tissues and organs, as well as by acting themselves as a rich food source (Herbert and
Goodrich-Blair 2007a).

Application of entomopathogenic nematodes in the field requires careful analysis
of various traits of parasites and their associated bacteria acting together as a
complex or as a separate one, during the distinct phases of their life cycle. Due to
the lack of understanding of the molecular and physiological determinants that
control the harmonious coordination between the two mutualistic players, it is
considered imperative to invest future efforts and resources on deconstructing the
life cycle of different entomopathogenic nematode species to expose the exact
elements that enhance or diminish the interaction with the insect host. This approach
would, in turn, provide us with the necessary knowledge to validate the attributes
that increase the performance of entomopathogenic nematodes, and improve their
stability and efficiency in the field. Such information would ultimately enable us to
make convenient interventions to refine biocontrol programs that would reduce
pesticide use and improve food safety and production.

17.2 Entomopathogenic Nematode–Bacterial Complexes

Nematode–bacterial complexes with insect pathogenic properties are formed specif-
ically in the soil nematodes of the genera Heterorhabditis and Steinernema, which
develop mutualistic relationship with the proteobacteria Photorhabdus spp. and
Xenorhabdus spp., respectively. The nematodes together with their associated bac-
teria undergo a complex life cycle that comprises two stages; a mutualistic stage that
takes place in the nematode gut, during which the bacteria are vectored by their
cognate nematode and a pathogenic stage that occurs in the insect host during
infection, and involves the manipulation of humoral and cellular innate immune
defenses by both partners that lead to the accelerated insect death. Although
entomopathogenic nematode life cycles exhibit similar characteristics, variation
especially in certain features of nematode reproduction and population growth
rate, as well as in host range and phase variants of mutualistic bacteria, can be
observed among different genera and species (Forst et al. 1997).

Heterorhabditis nematodes from the Heterorhabditidae family act as ‘cruiser’
parasites, a behavior that involves active seeking out of suitable insect hosts by
burrowing into the soil. Heterorhabditis parasitic nematodes form a mutually ben-
eficial symbiotic relationship with the entomopathogenic Gram-negative bacteria
from the genus Photorhabdus, which belong to the Enterobacteriaceae family
(Waterfield et al. 2009). The bacteria are found in the gut of the infective juvenile
stage (Ciche et al. 2006; Ciche 2007). The infective juvenile is an obligate stage in
the nematode life cycle and is required for the infection of larval stages of mainly
lepidopteran insects (Ciche 2007; Kaya and Gaugler 1993) (Fig. 17.1). This stage is
analogous to the C. elegans dauer stage and the developmentally arrested infective
third-stage larva (L3) of many important parasitic nematodes. Infective juveniles
gain entry to the insect through natural openings (anus, spiracles, and mouth) or by
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abrading the insect cuticle using a dorsal tooth (Ciche 2007). Once inside the insect,
the infective juveniles expel a small number of Photorhabdus cells into the hemo-
lymph where the bacteria begin to divide exponentially. After two to three days of
bacterial growth, the insect succumbs to the infection due to septicemia with the
concomitant conversion of the internal organs and tissues into bacterial biomass.
This bioconversion is facilitated by the production of a wide range of toxins and
hydrolytic enzymes by the bacteria (Ffrench-Constant et al. 2007; Eleftherianos
2009; Bode 2009). The worms feed on the bacterial biomass, and subsequent
nematodes’ growth and development require the presence of high-density
Photorhabdus bacteria (Ciche and Ensign 2003). The infective juvenile nematodes
mature to first-generation hermaphrodite females, which give rise to the second
generation of amphimictic males and females (cross-fertilization) and to the self-
fertile hermaphrodite females and infective juveniles. Nematodes reproduce and the
progeny develops through four juvenile stages (L1, L2, L3, and L4) to adults.
Nematode reproduction continues over two to three generations until the nutrient
status of the cadaver deteriorates, whereupon adult development is suppressed, and
the infective juvenile stage accumulates. These non-feeding infective juveniles enter

Fig. 17.1 Life cycle of the entomopathogenic nematode Heterorhabditis bacteriophora. The
infective juveniles (IJs) form the only free-living stage of this parasite. Nematode mating, repro-
duction, and development occur within the hemolymph of the infected insects (e.g. larvae of the
greater wax moth, Galleria mellonella) in the presence of high titers of their mutualistic bacteria
Photorhabdus luminescens. Depending on the amount of resources in the dead insect, two or three
generations may take place within the insect cadavers. L1, L2, L3, and L4: Larval molts. Images are
made using Biorender graphic software (https://biorender.com)
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the soil where they may survive for several months in the absence of a suitable host.
The transmission of mutualistic bacteria by infective juveniles is essential for the
nematodes to reproduce (Goodrich-Blair and Clarke 2007).

Similar to Heterorhabditis, Steinernema nematodes are found free in the soil
where they gain access to insect larvae through natural body openings but they lack a
dorsal tooth that facilitates penetration through the cuticle. However, in contrast to
Heterorhabditis, the Steinernema nematodes exhibit ‘ambushing’ behavior, which
involves waiting and attacking sensitive insect hosts in their vicinity. Steinernema
nematodes follow a similar life cycle to Heterorhabditis that mainly differs in the
initial stage of recovery during which amphimictic reproduction occurs. This means
that Steinernema infective juveniles develop into reproductive males and females.
Interestingly, this infective juvenile behavior also takes place during the first- and
second-generation offspring. In addition, third-generation females produce eggs all
of which develop through the ‘endotokia matricida’ process that occurs due to the
cessation of egg laying and involves intra-uterine birth causing maternal death, a
relatively common phenomenon in entomopathogenic nematodes induced in
response to the low food supply. As opposed to Heterorhabditis, the resulting
juvenile stages of Steinernema develop into infective juveniles after they exit the
mother nematode (Kooliyottil et al. 2013).

17.3 Mutualism Regulators in Photorhabdus Bacteria

Recent progress in quantitative proteomic techniques has been started to contribute
to the identification and preliminary examination of the factors that control symbi-
otic processes between animal hosts and microbes, including entomopathogenic
nematodes and their related bacteria. To determine the identity of bacterial proteins
that underlie symbiotic specificity in the entomopathogenic nematodes
Heterorhabditis, 2D-gel electrophoresis followed by mass spectrometry were used
to analyze and compare the proteomic profiles of two P. luminescens subspecies
(P. luminescens ssp. laumondii and P. luminescens ssp. akhurstii), each occupying a
distinct Heterorhabditis nematode species (H. bacteriophora and H. indica, respec-
tively) (Kumar et al. 2016). Results from the proteomic and bioinformatic analyses
revealed that either bacterial subspecies expresses several unique proteins, a subset
of which (e.g. outer membrane proteins, proteins regulating secondary metabolites,
and hypothetical proteins) may define nematode specificity. The functional charac-
terization of certain candidate proteins will undoubtedly provide clues on the
evolutionary and mechanistic basis of host–symbiont associations (Fig. 17.2).

Proteomic analysis coupled with bacterial genetics has further explored the role of
the rpoB gene in the symbiosis between P. luminescens LN2 bacteria and their
H. bacteriophora H06 nematode vectors (Qiu et al. 2012). Gene rpoB codes for the
bacterial beta subunit of RNA polymerase and interestingly rifampicin prevents the
initiation of transcription by repressing the rpoB gene. This research showed that
certain rifampicin-resistant P. luminescens LN2 mutant strains, which surprisingly
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also contained mutations in the rpoB gene, were able to support the growth of
H. bacteriophoraH06 infective juveniles. It was further demonstrated that mutations
in the rpoB gene reconstitute the bacteria as the nutrient source for sustaining
nematode reproduction; however, without conferring the ability of the bacteria to
colonize the nematode intestines during the infective juvenile stage. Rifampicin
selection of P. luminescens rpoB mutant strains supporting nematode growth may
provide an elegant approach for increasing the production of H. bacteriophora in
order to achieve more efficient insect pest control in the field.

Genetic analysis of the nematode–bacterial symbiotic relationship using a trans-
poson mutagenesis and screening approach identified a single mutant strain of
P. luminescens that was deficient in providing growth and reproduction to the
H. bacteriophora nematode vector (Ciche et al. 2001). Characterization of the
mutation localized the transposon insertion into gene ngrA encoding the enzyme
Ppant transferase, which is involved in the biosynthesis of the siderophore
enterobactin. Although this mutation also conferred an inability of the bacteria to
produce antibiotics and siderophores, and probably interrupted the biosynthesis of
fatty acids or lipids, these deficiencies were not attributed to the nematode defects.
Instead, the assumption is that the inactivation of the ngrA gene possibly affects the

Fig. 17.2 Photorhabdus molecular regulators of symbiosis. Growth and reproduction of
Heterorhabditis bacteriophora nematodes are controlled by genes rpoB, ngrA, and stlA in
P. luminescens. Recovery of nematode infective juveniles (IJ) and bacterial metabolism are
controlled by P. luminescens gene stlA. The madswitch promoter and gene hexA regulate the two
distinct forms (mutualistic and pathogenic) in P. luminescens and P. temperata bacteria, respec-
tively. The fimbrial locus mad in P. luminescens participates in initiating symbiosis through
bacterial colonization of the posterior maternal intestinal cells in H. bacteriophora. LPS biosyn-
thesis is modulated by genes galE, galU, and pbgPE in P. luminescens. Biofilm formation in
P. luminescens is modulated by genes galU, proQ, and stlA. Images are made using Biorender
graphic software (https://biorender.com)
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biosynthesis of hormones, polyketides, or other secondary metabolites that are
produced by P. luminescens when H. bacteriophora is also present, and act as signal
molecules to promote the nematode’s growth and development.

A subsequent study continued this work to examine whether gene ngrA encoding
a putative phosphopantetheinyl transferase (PPT) that is involved in the biosynthesis
of siderophore forms a determining factor for P. luminescens to support the growth
and reproduction of H. bacteriohora nematodes (Ciche et al. 2003). Following a
mini-Tn5 mutagenesis approach, P. luminescens mutant strain NS414 with a defi-
ciency in producing measurable siderophore activity was first isolated, and then its
properties were characterized. The results showed that the mutant bacteria were not
able to grow normally in media depleted of iron, but they were capable of promoting
the growth and reproduction of their nematode hosts, as well as their transmission by
H. bacteriophora infective juveniles. Interestingly, the transposon was found to be
inserted into gene photobactin synthetase (phbH) encoding a putative peptidyl
carrier protein, which is covalently modified by PPTase for siderophore production.
As phbH is not essential for nematode symbiosis, these findings signify that failure
of the ngrA mutants to support nematode symbiosis was not due to their inability to
produce functional siderophore but rather due to their incapacity to synthesize
another currently unknown peptide that performs this function.

An interesting feature of Photorhabdus is that the bacteria can exist in two forms,
the primary and secondary, which are morphologically distinct and are associated
with the different phases of the pathogen’s lifestyle. Only the primary form bacteria
can colonize the intestinal tract of their associated nematode host and promote its
growth and development due to the production of extracellular enzymes and antibi-
otic compounds that support the interaction between the two symbiotic partners
during the infection of a suitable insect (Waterfield et al. 2009). Remarkably, it has
been previously shown that inactivation through transposon insertion of gene tran-
scriptional regulator LrhA (hexA) in the secondary phase of P. temperata bacteria
results in the suppression of nematode colonization, and concomitantly, the mutant
bacteria can foster growth and development of the host nematodes H. downesi
(Joyce and Clarke 2003). These findings provide proof that hexA in the secondary
phase of P. temperata bacteria encodes a molecule that confers direct or indirect
repressive effects on symbiotic factors, which are normally expressed in the primary
phase variants.

Another library screen of GFP-labeled P. luminescens transposon mutants,
involving symbiotic assays to examine the qualitative ability of the mutant bacteria
to colonize the gut of the infective juvenile stage of H. bacteriophora nematodes,
further aimed at identifying bacterial genes, and their encoded factors responsible for
the symbiotic collaboration between the two organisms (Easom et al. 2010). This
work showed that mutations in a subset of genetic loci (e.g. pbgPE operon and genes
galE and galU) involved specifically in the biosynthesis of lipopolysaccharide (LPS)
and assembly and maintenance of LPS structure, as well as of other bacterial cell
surface components, conferred substantially reduced transmission frequency of the
mutant bacteria to associate with their nematode host. In addition, the P. luminescens
mutant for genes proQ (encoding an RNA chaperone) and galU were also defective
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in biofilm formation as shown through testing the ability of the mutant bacteria to
attach to an abiotic surface. This information highlights further the vital role of cell
surface molecules in P. luminescens, and probably in other entomopathogenic
bacteria, in adjusting the symbiotic outcome of bacterial–nematode partnerships.

Using a similar random transposon mutagenesis screening approach, the trans-
mission ability of GFP-labeled P. luminescens mutants in the intestine of
H. bacteriophora nematode parasites was analyzed in detail. The genetic analysis
detected that the maternal adhesion defective (mad) fimbrial locus in P. luminescens
has an essential role in initiating symbiosis through the bacterial colonization of the
posterior maternal intestinal cells in H. bacteriophora. This process facilitates
bacterial symbiont transmission from the maternal nematodes to the infective juve-
niles. Importantly, this is a specialized function because mad is required for symbi-
osis but not for insect pathogenesis, and the effect is regulated by bacterial phase
variation in the wild type bacteria but not in the mad mutants (Somvanshi et al.
2010). These are the findings of particular significance because although fimbriae are
known colonization factors that were previously shown to promote animal tissue or
cell colonization by various bacterial pathogens through receptor recognition events,
this was the first time that these adhesive organelles were assigned a similar function
in modulating nematode–bacteria mutualistic symbiosis.

A previous study identified the production of crystalline inclusion proteins
containing high levels of essential amino acids by P. luminescens bacteria to assist
nematode reproduction (Bintrim and Ensign 1998), and a more recent work linked
the two distinct forms of P. luminescens (M, initiating nematode Mutualism and P,
initiating insect Pathogenicity) with the expression of the mad fimbrial locus, which
occurs after the inversion of the madswitch promoter (Somvanshi et al. 2012). More
precisely, it was demonstrated that during the first stage of mutualism in
H. bacteriophora, P. luminescens bacteria switch to the M-form in the posterior
intestine of the maternal nematodes, while the P-form bacteria are temporarily
present in the intestines. The M-form cells then occupy the intestines of the new
generation of infective juveniles before turning into the P-form cells to provide
nematodes with bacteria possessing properties that promote infection of susceptible
insects. Strikingly, the M-form bacteria are smaller than the P-form bacteria; they
grow slower and exhibit decreased bioluminescence, virulence, and ability to secrete
secondary metabolic compounds. Therefore, the biological implication of these
findings underlines the importance of madswitch promoter orientation, which
defines not only the phenotypic appearance of P. luminescens cells but also influ-
ences the lifestyle of the bacteria.

Additional factors have been associated with the persistence of P. temperata in
the intestine of H. bacteriophora nematodes, as demonstrated by the drastic changes
in the transcriptional profile of the bacteria during mutualism in the non-feeding
infective juvenile stage (An and Grewal 2010). To determine strategies adapted by
the bacteria to strengthen their persistence in the parasite through diminishing
nutritional reliance on the nematode host, the number and identity of the differen-
tially expressed genes in P. temperatawas explored using the selective capture of the
transcribed sequences technique. Analysis of the results displayed a large number of
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differentially regulated genes in P. temperata when the bacteria reside in the
nematode intestine compared to the bacteria being cultured in vitro or being present
in the insect host hemolymph. The differentially expressed genes denote modifica-
tions in physiological functions when residing in the nematodes’ intestine including
the activation of the pentose phosphate pathway, alteration in amino acid metabo-
lisms, modification in LPS, induction of intracellular acidification and urea cycle
mechanisms, proton transport and biofilm formation, as well as processes involving
bacterial replication, transcription, and translation. These findings provide an excit-
ing pool of potential molecular regulators of bacterial symbiosis in parasitic nema-
todes and future work awaits to dissect the specific mechanistic roles of these
symbiosis factors and whether (and how) they are interconnected to enable the
close biological link between the two organisms.

P. luminescens is a bacterium that is able to produce the antibiotic 3,5-dihydroxy-
4-isopropylstilbene (stilbene, ST) during insect infection. The production of this
antibiotic compound eliminates non-symbiotic micro-organisms that colonize insect
tissues to compete for resources and nutrients, it prevents decay of the insect carcass
and therefore, provides a favorable environment to their H. bacteriophora nematode
vectors to grow, replicate, and complete their life cycle (Hu and Webster 2000). ST
functions as a signal for the nematodes by stimulating the recovery of infective
juveniles to adult hermaphrodites. This was demonstrated by the finding that
P. luminescens mutants deficient in ST production were also unable to support
H. bacteriophora growth and development (Joyce et al. 2008). The biosynthesis of
ST involves the non-oxidative deamination of phenylalanine that leads to the
synthesis of cinnamic acid by the enzyme phenylalanine-ammonium lyase, which
is encoded by the gene stlA (Williams et al. 2005). Interestingly, it was subsequently
shown that stlA expression is temporally controlled during growth, and it can be
regulated by nutrient limitation (Lango-Scholey et al. 2013). This gene regulatory
mechanism is further controlled by three transcriptional regulators; LysR-type TyrR,
which is absolutely essential for stlA expression, as well as Leucine-responsive
regulatory protein (Lrp) and RNA polymerase Sigma factor (rpoS), which are also
required for normal stlA expression under suitable environmental conditions. These
findings signify the molecular players that modulate secondary metabolism, and as a
consequence, the mutualism of a potent entomopathogenic bacterium with its
nematode host. Recently, additional findings provided evidence for the role of
P. luminescens stilbene in the biology of the bacteria and their association with
H. bacteriophora nematodes (Hapeshi et al. 2019). Exogenous ectopic addition of
stilbene to P. luminescens stlAmutants reduces biofilm formation and downregulates
the transcriptional expression of genes participating in the secondary metabolism,
and basic cellular processes. These findings illustrate that stilbene cannot be only
produced but also be detected by P. luminescens and plays a modulatory role by
possibly acting as a signal for the bacteria to regulate the symbiotic phase of their life
cycle through promoting the production of other molecules that are important for the
recovery of nematode infective juveniles. This is a crucial process because it
facilitates bacterial transmission to the next insect host following parasitic nematode
infection.
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17.4 Mutualism Regulators in Xenorhabdus Bacteria

Similar to Photorhabdus, Xenorhabdus bacteria are considered to have evolved
distinct physiological and metabolic mechanisms that facilitate the close association
with their cognate nematode hosts, as revealed by a previous study comparing the
genome sequences of the two entomopathogenic bacterial symbionts (Chaston et al.
2011). The current speculation is that the two bacteria most likely share a single
progenitor and as a result of multiple selective pressure events following differen-
tiation, they have acquired unique factors to support the close relationship with their
related nematode vectors.

Transposon mutagenesis to detect factors in X. nematophila that promote symbi-
osis with Steinernema carpocapsae nematodes led to the isolation of a mutant strain
that was able to produce certain phospholipases such as lecithinase, but was unable
to produce antibiotics and the mutant bacteria failed to grow and emerge normally
from their nematode host (Volgyi et al. 2000) (Fig. 17.3). The transposon mutation
was detected in the gene var1 encoding a protein that is involved in the formation of
the variant cell type. Deficient growth of the mutant bacteria may suggest a negative
effect on the survival of this variant type of cells in the nematode intestines or the
inability of the bacteria to swarm properly, which may delay their exit from the
nematode. Although the specific physiological and biochemical bases of this

Fig. 17.3 Xenorhabdus molecular regulators of symbiosis. Filamentation and replication in
X. nematophila are regulated by gene cpxRA. Bacterial growth and survival are controlled by
gene var1. Colonization of Steinernema carpocapsae infective juveniles by X. nematophila is
controlled by the bacterial genes nilD and tdk. Growth of competitor microbes in the dead insect is
suppressed by phenazine compounds produced by X. nematophila as well as by gene ngrA. The
latter also modulates the development and emergence of S. carpocapsae nematodes. Images are
made using Biorender graphic software (https://biorender.com)
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phenotype in X. nematophila is unclear, further elucidation of the processes and the
particular factors modulating the switch from primary to secondary phase cells will
enhance our knowledge regarding the type of features that are required to support the
symbiotic interactions between entomopathogenic nematodes and their affiliated
bacteria.

During the symbiotic relationship with S. carpocapsae, the X. nematophila uses
nutrients from their nematode host; however, the exact identity of these compounds
required for bacterial growth during this interaction is not well-determined. Since
bacteria can utilize salvaged nucleosides as a supplement to endogenous nucleotides
for DNA synthesis, they are able to form nitrogen sources, they can participate in the
activation of signal transduction, and they are involved in the construction of cell
structures. Therefore, it was previously hypothesized that the regulation of pyrimi-
dine salvage pathways might constitute a process that facilitates the X. nematophila-
nematode interplay (Orchard and Goodrich-Blair 2005). Curiously, it has been
shown that the X. nematophila mutant for gene tdk encoding the enzyme
deoxythymidine kinase, which synthesizes the pyrimidine nucleotide
deoxythymidine monophosphate from deoxythymidine, are deficient in nematode
colonization in vitro but not when present in the insect host. This defect is also fully
restored by the addition of the wild copy tdk allele to the mutant strain. Such a
mechanism could represent a broader strategy for entomopathogenic bacteria to
associate with their nematode hosts.

An important aspect to consider in host–microbe interactions is the ability of the
organisms involved in symbiotic relationships to sense and respond to external
environmental changes. The two-component regulatory system CpxRA in
X. nematophila consists of a sensor histidine kinase (CpxA) and a cytoplasmic
response regulator (CpxR). It forms a signaling pathway, which in other bacteria,
such as E. coli, regulates the function of structural components that permit interac-
tion with the host. They might also act as a transducer to transmit internal signals
inside the cells for initiating signaling pathways that would generate a cellular
response (Herbert and Goodrich-Blair 2007b). Testing the symbiotic competence
of X. nematophila cpxR1 mutant bacteria, in which expression of both cpxA and
cpxP genes is abolished, revealed that their ability to associate with S. carpocapsae
infective juveniles is markedly impaired, and this effect is not due to a reduced
survival ability of the mutants. Alternatively, this effect is primarily associated with
modifications in cell morphological features in cpxR1 mutants that might alter cell
division dynamics or cause filamentation, which in turn could lead to interference in
the symbiotic partnership between the bacteria and their nematodes, as well as with
the decreased expression of genes that participate in nematode colonization. The
regulatory role of CpxRA in X. nematophila is not unique, as other genes including
Lrp (Leucine responsive regulatory protein) have also been shown to possess
regulatory properties (Cowles et al. 2007). Overall, these findings imply the presence
of certain genes in the X. nematophila genome performing multiple activities to
promote the symbiotic connection of the bacteria with their affiliated
entomopathogenic nematode partners.
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It is given that molecules with antimicrobial activity may also modulate molec-
ular and physiological processes by acting as signals in certain bacteria, previous
efforts have focused on the role of bacterial secondary metabolites in promoting
symbiotic relationships. This is because the P. luminescens ngrA gene, which
encodes various secondary metabolites, is important for the growth and reproduction
of H. bacteriophora nematodes, the involvement of X. nematophila ngrA in
establishing or maintaining symbiosis with S. carpocapsae nematodes was also
analyzed (Singh et al. 2015). Results from this research indicated that the number
of nematode progenies from Manduca sexta caterpillars inoculated with
S. carpocapsae infective juveniles containing the X. nematophila ngrA mutant
were remarkably decreased compared to nematode progeny containing
X. nematophila wild-type bacteria. These findings support the notion of a dual role
for ngrA-derived compounds in not only combating competitor microbes in the
insect cadaver to facilitate nematode development but also acting as signals for
accelerating nematode development and emergence from the infected insect host.

Other molecules with multiple activities in Xenorhabdus that might serve as
crucial factors for providing efficient bacteria–nematode symbiotic cooperation are
the phenazines, which are commonly found in Gram-negative bacteria (Shi et al.
2019). It was recently tested whether phenazine compounds derived from
X. szentirmaii influence the symbiotic ability between the bacteria and their
S. rarum nematode vectors. Although the exact function of these molecules in
regulating bacteria–nematode interactions is currently obscure because phenazines
possess broad-spectrum as well as specific antibiotic activity, the current working
hypothesis is that these compounds target a variety of competitor soil microbes
present in the insect carcass. Elimination of these competitor microbes enables the
S. rarum parasitic nematodes to complete and maintain their life cycle together with
their closely related X. szentirmaii bacteria.

Further efforts to detect bacterial molecular factors promoting nematode coloni-
zation have included a signature-tagged mutagenesis screen in X. nematophila, an
approach that identified a transposon mutant that lost its ability to colonize infective
juveniles of S. carpocapsae nematodes (Veesenmeyer et al. 2014). Of note, the
transposon was found to be inserted into gene nilD that codes for a Clustered
Regularly Interspaced Short Palindromic Repeats (CRISPR) element. CRISPR
associated sequences (Cas) are widely found in bacteria and perform several cellular
functions including the regulation of gene expression and DNA repair mechanisms
as well as bacterial behavior and resistance to foreign nucleotide sequences (Li and
Peng 2019; Hampton et al. 2020). The investigators were able to demonstrate
elegantly that the nilD CRISPR sequence is sufficient to support the colonization
of S. carpocapsae, as well as S. anatoliense and S. websteri nematodes. The nilD
RNA is expressed in a Cas6e-dependent manner under in vitro growth conditions
and during nematode symbiosis, but in the latter case only within a specific genetic
background of X. nematophila. These exciting new findings open novel avenues of
investigation for designing strategies to decode the precise mechanism of CRISPR
bacterial systems in modulating symbiotic interdependence with entomopathogenic
nematodes.
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17.5 Development of Tools for Identifying Nematode
Regulators of Mutualism

Although most information currently available on the number and nature of genes
and their products acting as regulators of mutualism with entomopathogenic nema-
todes has been obtained from bacteria, knowledge of analogous molecules in
parasites playing a central or complementary role to the evolution, and stability of
this process, is missing so far. This, at least till now, was mostly attributed to the lack
of availability of genetic and genomic tools in entomopathogenic nematodes, which
has impeded progress with dissecting the molecular basis of the mutualistic interac-
tion between the two partners. To this end, recent efforts have mainly focused on
developing whole-genome sequencing approaches and molecular procedures in
H. bacteriophora to genetically manipulate the vector nematode in a similar way
to the C. elegans model. Earlier work identified species-specific satellite DNA
motifs in H. bacteriophora and Steinernema glaseri nematodes, and employed
DNA reassociation kinetics to determine the genome size and complexity in
Heterorhabditis bacteriophora and Steinernema carpocapsae (Grenier et al. 1996,
1997). At the same time, the expressed sequence tags were generated in
H. bacteriophora to elucidate their involvement in various biological functions
and more recently RNA-sequencing studies were carried out to understand the
molecular basis of nematode parasitism (Sandhu et al. 2006; Bai et al. 2007, 2009;
Vadnal et al. 2017). A tremendous breakthrough in entomopathogenic nematode
research, including the nematode–bacterial mutualistic symbiosis, came about with
the complete sequencing of the H. bacteriophora genome, the annotation which was
recently improved (Bai et al. 2013; Vadnal et al. 2018; McLean et al. 2018). In terms
of genetic techniques, the development of gene silencing RNAi interference through
soaking and microinjection in H. bacteriophora has substantially upgraded the
research value of this model organism (Ciche and Sternberg 2007; Ratnappan
et al. 2016). Such advances are particularly significant because not only they promise
to uncover previously unknown players of the interrelationship between the nema-
todes and their associated bacteria, but also to reveal the exact contribution of the
parasites to the infection process of insects.

17.6 Concluding Remarks

Entomopathogenic nematodes are spectacular organisms that have received partic-
ular attention due to their complex life cycle that involves the mutualistic
interdependence with specific bacteria that act as symbionts for the parasites and
potent pathogens for the invaded insects. This extremely efficient relationship pro-
vides a fascinating model system for studying the interactions between invertebrates
and their mutualistic microbes in relation to the host immune system (Ffrench-
Constant et al. 2003; Joyce et al. 2006; Clarke 2008). Appreciating the details of
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the participation of the molecular processes and the specific genes or their products
in fine-tuning the relationship between entomopathogenic nematodes and their
associated bacteria is essential for understanding mutualistic interactions in other
invertebrate organisms including beneficial insects, and devastating vectors of
infectious diseases. It is also important for deciphering the conserved mechanisms
that regulate similar types of interconnection between microbes and vertebrate
animals, including humans. Such knowledge will significantly advance our biolog-
ical interpretation of a wide range of host–microbial interplays that occur not only in
the lab but also in different environmental settings.
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Chapter 18
The Diversity of Symbiotic Systems in Scale
Insects

Teresa Szklarzewicz, Anna Michalik, and Katarzyna Michalik

Abstract Most scale insects, like many other plant sap-sucking hemipterans, harbor
obligate symbionts of bacterial or fungal origin, which synthesize and provide the
host with substances missing in their restricted diet. Histological, ultrastructural, and
molecular analyses have revealed that scale insects differ in the type of symbionts,
the localization of symbionts in the host body, and the mode of transmission of
symbionts from one generation to the next. Symbiotic microorganisms may be
distributed in the cells of the fat body, midgut epithelium, inside the cells of other
symbionts, or the specialized cells of a mesodermal origin, termed bacteriocytes. In
most scale insects, their symbiotic associates are inherited transovarially, wherein
the mode of transmission may have a different course—the symbionts may invade
larval ovaries containing undifferentiated germ cells or ovaries of adult females
containing vitellogenic or choriogenic oocytes.

18.1 Introduction

Scale insects (coccoids, coccids) are a large group (about 7700 species) of small
phloem sap-sucking hemipterans (Gullan and Kosztarab 1997; Gullan and Martin
2003; Kondo et al. 2008). Coccoids are characterized by extreme sexual dimor-
phism. Adult females are larviform without well-defined body parts and are apterous
and usually immobile. Adult males possess one pair of wings and nonfunctional
mouthparts. Scale insects are highly diverse in their internal and external morphol-
ogy, chromosome system, reproductive strategies, egg-protecting methods, and
symbiotic systems. Traditionally, coccoids are divided into two informal groups:
the ancient archaeococcoids and more advanced neococcoids. The archaeococcoids
are made up of 15 extant families (Callipappidae, Carayonemidae, Coelosomidiidae,
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Kuwaniidae, Marchalinidae, Margarodidae, Matsucoccidae, Monophlebidae,
Ortheziidae, Phenacoleachiidae, Pityococcidae, Putoidae, Steingeliidae,
Stigmacoccidae, and Xylococcidae), whereas the neococcoids consist of 19 extant
families (Aclerdidae, Asterolecaniidae, Beesonidae, Cerococcidae, Coccidae,
Conchaspididae, Cryptococcidae, Dactylopiidae, Diaspididae, Eriococcidae,
Halimococcidae, Kermesidae, Kerridae, Lecanodiaspididae, Micrococcidae,
Phoenicococcidae, Pseudococcidae, Rhizoecidae, and Stictococcidae) (García
Morales et al. 2016; Kondo et al. 2008).

The majority of scale insects, because of their unbalanced diet, live in obligate
symbiotic relationships with different species of bacteria or fungi (Baumann 2005;
Buchner 1965; Tremblay 1977). Results of the histological observations (Buchner
1965; Richter 1928; Walczuch 1932), ultrastructural studies (Niżnik and
Szklarzewicz 2007; Szklarzewicz et al. 2006, 2010, 2013) and the molecular ana-
lyses (e.g., Dhami et al. 2012; Gomez-Polo et al. 2017; Gruwell et al. 2005; Husnik
and McCutcheon 2016; López-Madrigal et al. 2015; Matsuura et al. 2009; Michalik
et al. 2016, 2018, 2019a, b; Podsiadło et al. 2018; Szklarzewicz et al. 2018; Thao
et al. 2002; Vera-Ponce de Leon et al. 2017; von Dohlen et al. 2001) have demon-
strated that, in comparison to other hemipterans, scale insects have very diverse
symbiotic systems. Their symbiotic associates differ in systematic affiliation and
distribution in the host body, as well as in the mode of transmission between
generations. It is known that scale insects belonging to the same family (e.g.,
Eriococcidae, Pseudococcidae) or related families (e.g., Monophlebidae and March-
alinidae) may harbor different symbionts (Buchner 1965). Koteja (1985) suggested
that such a great diversity of symbiosis in scale insects is the consequence of the
contact of their ancestors with different microorganisms in the forest leaf litter,
which was the primary habitat of these insects. According to Koteja (1985), ances-
tors of scale insects consumed dead organic matter, however, on further evolution,
they became plant sap-feeders. Switching to a “new” unbalanced diet required the
support of microorganisms, which evolved into the mutualists responsible for the
synthesis of missing nutrients. On the other hand, on the basis of cophylogenetic
analyses, Rosenblueth et al. (2012, 2018) postulated that the ancestors of scale
insects were associated with flavobacteria (phylum Bacteroidetes) which either:
(1) coevolved with different lineages of scale insects, (2) were lost and replaced
by other microorganisms (also by flavobacteria), or (3) were supported by additional
symbionts.

Scale insects may be host to only one obligate symbiont (traditionally termed
after Buchner (1965) the primary symbiont) or may harbor additional symbionts
(termed the facultative or secondary symbionts). Buchner (1965), based on the
observations of paraffin sections, defined primary symbionts as microorganisms,
which are: (1) descendants of the bacterium, which infected the ancestor, (2) present
in all the individuals of this group, (3) responsible for the synthesis of essential
nutrients missing in the diet of the host insect, and (4) vertically (i.e., from mother to
progeny) transmitted between generations. More recent molecular analyses
supported Buchner’s conclusions concerning the nutritional role of the primary
symbionts of scale insects (Sabree et al. 2013; Vera-Ponce de Leon et al. 2017).
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The functions of the secondary symbionts accompanying scale insects were
unknown until recently, however, recent molecular analyses have revealed that in
at least some of these insects, they nutritionally complement primary symbionts
(Husnik et al. 2013; Husnik and McCutcheon 2016; López-Madrigal et al. 2013,
2014; McCutcheon and von Dohlen 2011; Rosas-Perez et al. 2014; Szabo et al.
2017).

In most scale insects, symbiotic microorganisms (termed bacteriocyte symbionts)
are localized in the specialized cells of a mesodermal origin termed the bacteriocytes.
However, in some scale insects, the symbionts are distributed in the cells of the fat
body (e.g., in Steingeliidae, Kermesidae, Coccidae, and some representatives of
Eriococcidae) or midgut epithelium (Marchalina hellenica) (Buchner 1965, 1966;
Matsuura et al. 2009; Michalik et al. 2016, 2018, 2019a, b; Niżnik and Szklarzewicz
2007; Podsiadło et al. 2018; Szklarzewicz et al. 2006, 2010, 2018; von Dohlen et al.
2001; Walczuch 1932). It is generally accepted that the “bacteriocyte symbiosis”
represents the most advanced stage of association of insects and microorganisms,
whereas the occurrence of symbionts in the cells of fat body, midgut epithelium, or
in the midgut appendages is regarded as an initial stage of symbiotic relationship
(Braendle et al. 2003; Kuechler et al. 2011; Michalik et al. 2016). Interestingly,
“bacteriocyte” symbiosis and “non-bacteriocyte” symbiosis occur both in
archaeococcoids and neococcoids.

It is worth mentioning that some families of scale insects (e.g., Kermesidae,
Steingeliidae, Dactylopiidae, Matsucoccidae) had been regarded as the asymbiotic
(Buchner 1965; Tremblay 1977) until the ultrastructural and molecular techniques
detected the presence of the symbionts (Koteja et al. 2003; Michalik et al. 2019b;
Podsiadło et al. 2018; Ramirez-Puebla et al. 2010; Rosenblueth et al. 2018;
Szklarzewicz et al. 2014; Vera-Ponce de Leon et al. 2017).

18.2 “Non-bacteriocyte” Symbiosis

In the scale insects, which have not developed specialized bacteriocytes, such as pine
bast scales (Matsucoccidae), ensign scales (Ortheziidae), steingeliids (Steingeliidae),
giant pine scales (Marchalinidae), and some species of felt scales (Eriococcidae),
symbionts may be localized in the fat body, the gut epithelium, and the ovaries (see
Table 18.1).

Molecular analyses have revealed that the pine bark scale Matsucoccus pini
(Matsucoccidae) (Fig. 18.1a), and nettle ensign scale Orthezia urticae (Ortheziidae),
are host to the alphaproteobacterium of the genusWolbachia (Michalik et al. 2019b).
Wolbachia commonly occurs in numerous arthropods and nematodes, however, in
most cases, its presence in the host body is rather connected with the elimination of
males than with the nutritional function (Werren 1997). The role of Wolbachia in
Orthezia urticae and Matsucoccus pini remains unclear, however, nobody showed
the effect of this “reproductive manipulator” on the frequency of males in these
species (Michalik et al. 2019b). Michalik et al. (2019b) reported that in some
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analyzed individuals of Orthezia urticae besides Wolbachia, the enterobacterium
related to Sodalis (Gammaproteobacteria) was found (Fig. 18.1b). Sodalis-like
bacteria are regarded as common associates of insects because they have been
observed in numerous species representing different insect taxa. A wide distribution
of Sodalis-allied bacteria in insects, their diverse localization in the insect body
(in bacteriocytes, in the fat body, and in milk glands of tsetse flies), and different
types of relationships with the host insects (mutualism, facultative symbiosis)
indicate that this microorganism has a great tendency to colonize the new insect
species.

The birch bark scale Steingelia gorodetskia (Steingeliidae) was considered an
asymbiotic species by Buchner (1966), however, Koteja et al. (2003) observed
numerous small rod-shaped bacteria in its ovaries (Fig. 18.1c), and suggested that
they may be the symbionts. Molecular phylogenetic analyses based on the sequence
of the 16S rRNA gene revealed that these microorganisms are closely related to the
soil bacterium Sphingomonas echinoides (Alphaproteobacteria) (Michalik et al.
2019b). This finding suggests that the ancestor of Steingelia gorodetskia acquired
the soil bacterium, which, in further coevolution, became its symbiont. It should be

Fig. 18.1 “Non-bacteriocyte” symbiosis in archaeococcoid families Matsucoccidae, Ortheziidae,
and Steingeliidae. (a)Matsucoccus pini (Matsucoccidae). BacteriaWolbachia (white arrows) in the
cytoplasm of the trophocyte. (b) Orthezia urticae (Ortheziidae). Bacteria Sodalis (white arrow-
heads) in the cytoplasm of the oocyte. (c, d) Steingelia gorodetskia (Steingeliidae). (c) Bacteria
Sphingomonas (black arrows) in the trophocyte cytoplasm. (d) Bacteria Sphingomonas (black
arrows) migrate from the trophocytes to the developing oocyte through the trophic core. (a–d)
TEM, scale bar ¼ 2 μm. tn trophocyte nucleus
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stressed that this suggestion strongly supports the hypothesis of Koteja (1985) that
symbionts of scale insects are the descendants of the forest litter bacteria (see
Introduction).

The presence of bacteria in the oocytes of Orthezia urticae, Matsucoccus pini,
and Steingelia gorodetskia indicates that these microorganisms are transovarially
transmitted from mother to progeny (Michalik et al. 2019b). Thus, in spite of the lack
of specialized bacteriocytes, Orthezia urticae, Matsucoccus pini, and Steingelia
gorodetskia already developed the stable mechanisms ensuring the transfer of
symbionts between generations. According to Michalik et al. (2019b), in Steingelia
gorodetskia, the symbiotic bacteria infect the cystocytes (i.e., undifferentiated germ
cells) residing in the larval ovaries (for further details concerning modes of symbiont
transmission, see Szklarzewicz and Michalik 2017). Because the cystocytes differ-
entiate into oocytes and trophocytes, in the ovarioles of adult females the symbiotic
bacteria reside in both these cell types. In reproductive females, symbionts migrate
via the trophic core and nutritive cord (Fig. 18.1d) to the developing oocyte, and
after egg fertilization, they are included into the embryo.

The occurrence of the symbionts in the fat body has also been observed in two
species of the neococcoid Eriococcidae family, the European elm scale Gossyparia
spuria (Fig. 18.2a, b) and maple felt scale Acanthococcus aceris. Michalik et al.
(2016) showed that symbionts of these scale insects are closely related to the widely
distributed betaproteobacterium Burkholderia. Both in Gossyparia spuria and
Acanthococcus aceris, at the time the oocytes are in the stage of late vitellogenesis,
the symbiotic bacteria leave the cells of the fat body and begin to accumulate around
the neck of ovariole (the region between the tropharium and vitellarium). The
bacteria then cross through the follicular epithelium surrounding the nutritive cord
(via endocytic/exocytic pathway) or migrate between neighboring follicular cells
(Fig. 18.2c). Finally, symbionts enter the perivitelline space (Fig. 18.2c), where they
gather in the deep invagination of the oolemma at the anterior pole of the oocyte
(Fig. 18.2d). Such a mode of symbiont transmission relying on the infection of the
neck region of the ovariole is unique within insects and has so far been reported only
for some scale insects (for further details, see Szklarzewicz and Michalik 2017). The
bacteria penetrate the ovariole in its neck region because the oocytes, at this stage,
are surrounded by eggshells and the only place on the oocyte surface devoid of the
eggshell is the nutritive cord connecting the oocyte with the tropharium. After the
nutritive cord had degenerated, the entire oocyte, together with the symbionts located
at the invagination of oolemma, becomes covered with egg envelopes (see
Fig. 18.9e).

“Typical” bacteriocytes are also absent in the giant pine scale Marchalina
hellenica (Marchalinidae) (Buchner 1967). Buchner (1967) observed that in this
species, the symbiotic bacteria occupy the enlarged cells of the midgut epithelium. In
the larvae of the third instar (the last larval stage before imago), the symbiotic
bacteria are transported from the midgut to the ovary through “temporary
bacteriocytes”. The bacteria then infect the cystocytes. Szklarzewicz et al. (2013),
who examined the ovaries of the reproductive females of Marchalina hellenica,
showed that the symbionts (large elongated bacteria of unknown taxonomic identity)
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are transported to the developing oocyte via the trophic core and nutritive cord
(Fig. 18.3a–d). Thus, in spite of the lack of specialized bacteriocytes, the
abovementioned scale insects already developed stable mechanisms ensuring the
transfer of symbionts between generations.

18.3 “Bacteriocyte” Symbiosis

Most scale insects, e.g., giant scales (Monophlebidae), coelostomidiids
(Coelostomidiidae), ground pearls (Margarodidae), giant mealybugs (Putoidae),
mealybugs (Pseudococcidae), ground mealybugs (Rhizoecidae), cochineal scales
(Dactylopiidae), armored scales (Diaspididae), and some species of felt scales
(Eriococcidae), like other insect groups living in mutualistic relationships with
microorganisms, developed specialized cells of mesodermal origin termed
bacteriocytes (the older term “mycetocytes”) (see Table 18.2). As a rule,

Fig. 18.2 “Non-bacteriocyte” symbiosis in neococcoids Acanthococcus aceris and Gossyparia
spuria (Eriococcidae). (a–c) Gossyparia spuria. (a, b) Fragment of the fat body. Cells of the fat
body contain numerous rod-shaped bacteria Burkholderia (black arrows). (c) Bacteria
Burkholderia (black arrows) migrate through the follicular epithelium and gather around the
nutritve cord. (d) Acanthococcus aceris. Bacteria Burkholderia (encircled with black-dotted line)
in the perivitelline space. (a, d) Methylene blue, scale bar¼ 20 μm, (b, c) TEM, scale bar¼ 2 μm. fc
follicular cell, fn follicular cell nucleus, nc nutritive cord, and oc oocyte
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bacteriocytes are grouped into large organs termed the bacteriomes (the older term
was “mycetomes”). In the insect body, the bacteriomes are located ventro-laterally
between the body wall and gonads (Buchner 1965).

Within the archaeococcoid family Monophlebidae, the symbiotic systems of four
genera, Icerya, Palaeococcus, Llaveia, and Drosicha were examined by molecular
and/or ultrastructural methods (Matsuura et al. 2009; Niżnik and Szklarzewicz 2007;
Rosas-Perez et al. 2014; Rosenblueth et al. 2012; Szklarzewicz et al. 2006). Molec-
ular analyses revealed that Monophlebidae harbor two kinds of symbiotic associates:

Fig. 18.3 Symbiotic microorganisms in Marchalina hellenica (Marchalinidae). (a) Fragment of
the trophocyte with rod-shaped bacteria (black arrows). (b) Tropharium (longitudinal section). Note
bacteria (encircled with black-dotted line) migrating through processes of trophocytes, the trophic
core, and the nutritive cord into developing oocyte. (c) Bacteria (black arrows) in the nutritive cord.
(d) Anterior pole of the developing oocyte (longitudinal section). Note groups of bacteria
(encircled with black-dotted line) in the oocyte cytoplasm. (a, c) TEM, scale bar ¼ 2 μm, (b, d)
Methylene blue, scale bar ¼ 20 μm. fc follicular cell, nc nutritive cord, oc oocyte, tc trophocyte, tr
trophic core, and tn trophocyte nucleus
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flavobacteria (phylum Bacteroidetes), which are considered primary symbionts and
enterobacteria related to the bacterium Sodalis, which are considered secondary
symbionts (Matsuura et al. 2009; Rosas-Perez et al. 2014; Rosenblueth et al.
2012). It should be stressed that the genomic analyses conducted by Rosas-Perez
et al. (2014) revealed that flavobacterial symbiont (termed Walczuchella
monophlebidarum) of Llaveia axin axin has strongly reduced genome, in which
some genes such as the genes encoding some enzymes involved in the biosynthesis
of certain amino acids have been lost or pseudogenized. Based on this finding and
the results of genomic analyses of enterobacterial symbiont, which indicated that this
bacterium has complete biosynthetic pathways for all essential amino acids, Rosas-
Perez et al. (2014) postulated that flavobacteria and enterobacteria complement each
other in the synthesis of essential nutrients. In contrast to the highly reduced genome
of Walczuchella, the size of the genome of the enterobacterial symbiont is similar to
the genome of its free-living relatives, which suggests that the secondary symbionts
were acquired more recently.

The bacteriomes of the cottony cushion scale Icerya purchasi and ancient giant
scale Palaeococcus fuscipennis consist of numerous bacteriocytes filled with pleo-
morphic bacteria (Fig. 18.4a, b, d), which are surrounded by the large cells
(Fig. 18.4a, b) containing elongated rod-shaped bacteria (Fig. 18.4c) (Niżnik and
Szklarzewicz 2007; Szklarzewicz et al. 2006). The ultrastructural observations
(Niżnik and Szklarzewicz 2007; Szklarzewicz et al. 2006) and molecular analyses
(Rosenblueth et al. 2012) led to the conclusion that the large pleomorphic bacteria
present in Icerya purchasi represent flavobacteria, whereas small rod-shaped bacte-
ria represent enterobacteria.

In the second larval instar of Icerya purchasi, the rod-shaped bacteria infect the
cystocytes (Niżnik and Szklarzewicz 2007). In the adult female, these symbionts
migrate from the trophocytes into the trophic core (Fig. 18.4e), and next through the
nutritive cord into the developing oocyte. Pleomorphic bacteria of Icerya purchasi
and Palaeococcus fuscipennis, as well as the rod-shaped bacteria of Palaeococcus
fuscipennis, invade the posterior end of the ovariole containing the choriogenic
oocyte (Fig. 18.4f). Then, these symbionts migrate through the cytoplasm of follic-
ular cells (Fig. 18.4f, g) to the perivitelline space, where they accumulate in the deep
invagination of oolemma, eventually forming a “symbiont ball” (Fig. 18.4g, h).

“Bacteriocyte” symbiosis is also characteristic for the scale insects of the
New Zealand family Coelostomidiidae (Dhami et al. 2012), which is closely related
to the family Monophlebidae (Gullan and Cook 2007; Hodgson and Hardy 2013).
Dhami et al. (2012, 2013) examined the symbionts of several species of two genera
(Coelostomidia and Ultracoelostoma) belonging to the Coelostomidiidae and
observed that most of them harbor the flavobacteria (termed Hoataupuhia
coelostomidicola) (see Table 18.2). Interestingly, species with an absence or low
infection density of flavobacterial symbionts were host to an enterobacterial Sodalis-
like symbiont. Based on this observation, Dhami et al. (2013) postulated that, during
the evolution of some species of Coelostomidiidae, the Sodalis-like symbionts
replaced their ancient symbionts, the flavobacterium Hoataupuhia. Apart from the
flavobacterial symbiont Hoataupuhia and/or Sodalis-like symbiont, Dhami et al.

18 The Diversity of Symbiotic Systems in Scale Insects 479



Fig. 18.4 “Bacteriocyte” symbiosis in archaeococcoid family Monophlebidae. (a) Icerya purchasi.
Fragment of the abdomen (longitudinal section) of the last instar larva. Note large bacteriocytes
filled with symbiotic bacteria (¼primary symbionts). (b) Icerya purchasi. Bacteriocytes of the
young female. (c) Palaeococcus fuscipennis. Fragment of the epithelium surrounding the
bacteriocyte. Note elongated bacteria (¼secondary symbionts). (d) Icerya purchasi. Fragment of
the bacteriocyte filled with pleomorphic bacteria (¼primary symbionts). (e) Icerya purchasi.
Secondary symbionts migrating from trophocytes to the developing oocyte through the trophic
core. (f) Palaeococcus fuscipennis. Symbionts (black arrows) migrate through the follicular
epithelium into the perivitelline space. (g) Palaeococcus fuscipennis. Symbionts (black arrows)
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(2012) found additional microorganisms in the Coelostomidiidae: the Erwnia-
related symbionts andWolbachia, the function of these associates, however, remains
unknown.

“Bacteriocyte” symbiosis has also been reported to occur in the archaeococcoid
family Margarodidae (Buchner 1966), however, in comparison to other scale insects,
the symbiotic systems of margarodids have not been extensively studied. Gruwell
et al. (2005) detected flavobacteria in two margarodid species, Eumargarodes laingi
and Promargarodes australis. Earlier histological observations of Buchner (1965)
and our preliminary ultrastructural studies (unpublished data) on symbionts of the
Polish cochineal scale Porhyrophora polonica revealed that these microorganisms
infest the posterior end of the choriogenic ovariole (as in Palaeococcus fuscipennis,
see Fig. 18.4f–h).

The other group of archaeococcoids with “bacteriocyte” symbiosis is the family
Putoidae containing only a single extant genus Puto (Gruwell et al. 2014;
Szklarzewicz et al. 2010, 2018). Interestingly, for many years, the genus Puto was
regarded as a taxon belonging to the neococcoids—the family Pseudococcidae
(Kosztarab and Kozár 1988) or to their own family Putoidae (Koteja 1996). Based
on the results of molecular analyses, Cook et al. (2002) transferred Putoidae to
archaeococcoids. The results of morphological studies on the internal and external
organs, as well as on their symbionts, corroborated that the Putoidae are closely
related to archaeococcoid families (Gruwell et al. 2014; Hodgson and Hardy 2013;
Michalik et al. 2013; Szklarzewicz et al. 2010, 2018).

Gruwell et al. (2005, 2014) found enterobacteria related to Sodalis in several
American species of Puto. Szklarzewicz et al. (2018) observed large elongated
bacterial symbionts (Fig. 18.5a, b) in the Palearctic species, Puto superbus, and
identified them as bacteria related to Sodalis. The mode of transmission of symbionts
from mother to offspring in Puto superbus appeared to be unusual within insects,
because, in this scale insect, whole intact bacteriocytes migrate toward the ovaries
(Fig. 18.5c, d) (Buchner 1965; Szklarzewicz et al. 2018). In the reproductive
females, the bacteriocytes surround the neck of the ovariole containing
the choriogenic oocytes and enter the perivitelline space through the gaps between
the neighboring follicular cells (Fig. 18.5d). Eventually, the bacteriocytes gather in
the perivitelline space where they form the “symbiont ball” (Fig. 18.5e). Interest-
ingly, the North American species, Puto albicans developed a completely different
mode of transmission of its symbionts from mother to progeny because, in this
species, the symbionts (Fig. 18.5f) invade the larval ovaries (Fig. 18.5g, h)
(Szklarzewicz et al. 2010).

⁄�

Fig. 18.4 (continued) gather in the perivitelline space where they form a “symbiont ball”. (h)
Palaeococcus fuscipennis. Primary and secondary symbionts in the perivitelline space. (a, b, f, g)
Methylene blue, scale bar ¼ 20 μm. (c–e, h) TEM, scale bar ¼ 2 μm. bc bacteriocyte, bn
bacteriocyte nucleus, e epithelium surrounding the bacteriocyte, fb fat body, fc follicular epithelium,
oc oocyte, ps primary symbiont, and ss secondary symbiont
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Fig. 18.5 “Bacteriocyte” symbiosis in archaeococcoid family Putoidae. (a) Puto superbus. Frag-
ment of the abdomen of the adult female. Note bacteriocytes (encircled with black-dotted line),
which are localized in the close neighborhood to ovaries. (b) Puto superbus. Fragment of the
bacteriocyte packed with elongated bacteria Sodalis. (c) Puto superbus. The anterior end of the
ovariole (longitudinal section) containing choriogenic oocyte. Note bacteriocytes (encircled with
black-dotted line) which surround the neck region of the ovariole. (d, e) Puto superbus. Consecutive
stages of infection of the ovariole. (d) Whole intact bacteriocyte migrates between neighboring
follicular cells. (e) Bacteriocytes accumulate in the perivitelline space. (f) Puto albicans.
Bacteriocytes filled with bacteria Sodalis. (g, h) Puto albicans. Clusters of cystocytes. Note
numerous bacteria Sodalis in the cystocyte cytoplasm. (a, c, d–g)Methylene blue, scale bar¼ 20 μm,
(b, h) TEM, scale bar ¼ 2 μm. bc bacteriocyte, bn bacteriocyte nucleus, fc follicular cells, nc
nutritive cord, oc oocyte, s Sodalis, tc trophocyte, tn trophocyte nucleus, and tr trophic core
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The results of molecular phylogenetic analyses revealed that the symbionts of
different species of the genus Puto are not closely related, which indicates that they
are independently acquired by the ancestors of the extant species (Gruwell et al.
2014; Szklarzewicz et al. 2018). The different organization of symbiotic systems,
with respect to the systematic affiliation of symbionts, and mode of their transmis-
sion between generations, of Puto superbus and scale insects from the family
Pseudococccidae, strongly supports the view that Putoidae and Pseudococcidae
(see below) represent phylogenetically distant groups.

In contrast to the eriococcids mentioned above, the Acanthococcus aceris and
Gossyparia spuria in which the symbiotic bacteria reside in the fat body, the
symbionts of the falsebrome felt scale Greenisca brachypodii are harbored in the
bacteriocytes (Fig. 18.6a) (Michalik et al. 2018). Using microscopic and molecular
techniques, Michalik et al. (2018) showed that Greenisca brachypodii is the host to
two gammaproteobacterial symbionts: large coccoid bacterium Kotejella greeniscae
(Fig. 18.6a, b) distantly related to Sodalis-like symbionts of Pseudococcinae mealy-
bugs (see below) and elongated bacterium Arsenophonus (Fig. 18.6c, d). It should be
stressed that neither Kotejella nor Arsenophonus were detected earlier in other scale
insects. Both Kotejella and Arsenophonus inhabit their bacteriocytes (Fig. 18.6a, c).
The symbionts of Greenisca brachypodii are transovarially transported between
generations (Fig. 18.6e–g) in a way similar to the symbionts of Acanthococcus
aceris and Gossyparia spuria (see Fig. 18.2c, d), i.e., through the infection of the
neck of the ovariole.

Since the results of studies on symbionts of eriococcids (Gruwell et al. 2005;
Michalik et al. 2016, 2018) revealed that they belong to different taxa, Michalik et al.
(2018) concluded that symbioses of eriococcids are the effect of several independent
infections of the ancestors of different lineages of these insects with the phyloge-
netically distant bacteria. Moreover, the hypothesis of the polyphyletic origin of the
symbionts of eriococcids corresponds well with the current view that the
Eriococcidae family does not represent a monophyletic group (Cook et al. 2002;
Gullan and Cook 2007; Hodgson and Hardy 2013).

The symbiotic systems of numerous species of armored scales (Diaspididae) were
studied by Gruwell et al. (2007, 2012), who showed that these insects harbor
flavobacteria (named Uzinura diaspidicola). We observed that in the larvae and
young females of Leucaspis loewi (unpublished data), the cytoplasm of the
bacteriocytes is tightly packed with numerous pleomorphic bacteria Uzinura
(Fig. 18.7a, b). In older females of armored scales, the bacteria leave the
bacteriocytes and disperse between fat body cells (Fig. 18.7c, d). Subsequently,
the bacteria invade the neck of the ovariole (Fig. 18.7e).

Bacteriocyte symbionts have also been found in Pseudococcinae (Fig. 18.8a, b)
and Phenacoccinae (Fig. 18.8c, d) subfamilies of the Pseudococcidae family.
Buchner (1965) reported that almost all members of both mealybug subfamilies
live in the symbiotic association with the large pleomorphic bacteria. More recently,
these microorganisms have been identified as the betaproteobacteria: bacterium
Tremblaya phenacola in Phenacoccinae and Tremblaya princeps in Pseudococcinae
(Downie and Gullan 2005; Fukatsu and Nikoh 2000; Gatehouse et al. 2011; Gil et al.
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Fig. 18.6 “Bacteriocyte” symbiosis in Greenisca brachypodii. (a, b) Bacteriocytes with bacteria
Kotejella. (c, d) Bacteriocytes with bacteria Arsenophonus. (e–g) Consecutive stages of infection of
the ovariole. (e) Symbiotic bacteria (black arrowheads) enter the ovariole in its neck region (cross
section). (f) Bacteria accumulate in the perivitelline space in the form of symbiont ball (encircled
with black-dotted line). (g) Bacteria Kotejella and Arsenophonus in the perivitelline space. (a, c,
e, f) Methylene blue, scale bar ¼ 20 μm (b, d, g) TEM, scale bar ¼ 2 μm. a bacterium
Arsenophonus, bc bacteriocyte, bn bacteriocyte nucleus, fb fat body, fc follicular cells, fn follicular
cell nucleus, k bacterium Kotejella, and oc oocyte
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2018; Husnik et al. 2013; Koga et al. 2013; Kono et al. 2008; McCutcheon and von
Dohlen 2011; Michalik et al. 2019a; Szabo et al. 2017; Thao et al. 2002; von Dohlen
et al. 2001). There is, however, a significant difference in the organization of the
symbiotic systems in these subfamilies: in Pseudococcinae all bacteria Tremblaya

Fig. 18.7 “Bacteriocyte” symbiosis in the neococcoid family Diaspididae. (a) Leucaspis loewi.
Fragment of the abdomen of the last instar larva. Note bacteriocytes tightly packed with bacteria
Uzinura. (b) Leucaspis loewi. Bacteriocyte filled with bacteria Uzinura. (c, d) Diaspidiotus
ostreaeformis. Fragment of the abdomen of the reproductive female. Bacteria Uzinura (black
arrows) leave the bacteriocytes. (e) Diaspidiotus ostreaeformis. Infection of the ovariole. Bacteria
Uzinura surround the nutritive cord. (a, c, d) Methylene blue, scale bar ¼ 20 μm, (b, e) TEM, scale
bar¼ 2 μm. bc bacteriocyte, bn bacteriocyte nucleus, fb fat body, nc nutritive cord, and u bacterium
Uzinura
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Fig. 18.8 “Bacteriocyte” symbiosis in the neococcoid family Pseudococcidae. (a) Planococcus
vovae (Pseudococcinae). Fragment of the bacteriome. Note bacteriocytes (encircled with black-
dotted line) filled with bacteria Tremblaya princes which contain gammaproteobacteria related to
Sodalis (black arrowheads). (b) Planococcus vovae (Pseudococcinae). Bacterium Tremblaya
princes containing numerous gammaproteobacteria. (c) Coccura comari (Phenacoccinae).
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contain Sodalis-like bacteria (Fig. 18.8a, b), whereas in the Phenacoccinae subfam-
ily, this phenomenon (termed a “nested symbiosis”) does not occur (Fig. 18.8c, d).
Bacteria Tremblaya were formerly considered to be the primary symbionts of
mealybugs, and enterobacteria the secondary symbionts (von Dohlen et al. 2001;
Thao et al. 2002), however, recent genomic analyses have shown that both these
symbionts are engaged in the synthesis of essential amino acids (Husnik et al. 2013;
Husnik and McCutcheon 2016; Kono et al. 2008; López-Madrigal et al. 2011, 2013,
2014; McCutcheon and von Dohlen 2011; Szabo et al. 2017). The presence of
bacterium Tremblaya in members of both subfamilies indicates that symbioses in
Pseudococcidae are the result of an ancient infection of the ancestor of the extant
Pseudococcinae and Phenacoccinae before their split (Hardy et al. 2008). In contrast
to the ancestral symbiont, i.e., bacterium Tremblaya, the enteroteobacterial symbi-
onts accompanying this microorganism in Pseudococcinae mealybugs are of more
recent and multiple origins (Fukatsu and Nikoh 2000; Gatehouse et al. 2011; Husnik
and McCutcheon 2016; Kono et al. 2008; Thao et al. 2002). Husnik and
McCutcheon (2016) revealed that enteroteobacterial associates of different species
of Pseudococcinae mealybugs have different sized genome, which is a consequence
of its reduction during symbiotic life (more recently, acquired symbionts have larger
genomes than more ancestral symbionts). Based on this observation, Husnik and
McCutcheon (2016) suggested that the diversity of enterobacterial symbionts in
Pseudococcinae mealybugs results from the replacement of one bacterium by
another. It has also been shown that the symbiotic systems of the Pseudococcinae
mealybugs represent a complex genomic consortium in which: (1) the genome of the
host insect contains bacterial genes, which were horizontally transferred and (2) both
symbionts (i.e., Tremblaya princeps and enterobacteria) complement each other
metabolically (Husnik et al. 2013; Husnik and McCutcheon 2016; Szabo et al.
2017).

What is of special interest is that, within the genome of bacterium Tremblaya
phenacola of several species of Phenacoccinae mealybugs, the
gammaproteobacterial DNA has been detected (Gil et al. 2018; López-Madrigal
et al. 2014). This finding indicates that during the evolutionary history of

⁄�

Fig. 18.8 (continued) Fragment of the bacteriome. Note bacteriocytes (encircled with black-dotted
line) filled with bacteria Tremblaya phenacola. (d) Phenacoccus aceris (Phenacoccinae). Fragment
of the bacteriocyte with large lobated bacteria Tremblaya phenacola. (e) Ceroputo pilosellae
(Phenacoccinae). Bacteriocytes (encircled with black-dotted line) of the reproductive female.
Bacteria (black arrows) start to leave the bacteriocytes and migrate toward ovaries. (f) Ceroputo
pilosellae (Phenacoccinae). Symbiotic bacteria invade the neck region of the ovariole. (g) Ceroputo
pilosellae (Phenacoccinae). Bacteria Tremblaya phenacola migrate through the follicular cells. (h)
Trionymus aberrans (Pseudococcinae). “Symbiont ball” (encircled with continous line) in the deep
depression of the oolemma at the anterior pole of the oocyte. (a, c, e, f, h) Methylene blue, scale
bar¼ 20 μm, (b, d, g) TEM, scale bar¼ 2 μm. bc bacteriocyte, bn bacteriocyte nucleus, fb fat body,
fc follicular cell, g gammaproteiobacteria, nc nutritive cord, oc oocyte, t bacterium Tremblaya, and
tc trophocyte
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Phenacoccinae mealybugs, the horizontal transmission of genes between Tremblaya
and gammaproteobacteria occurred.

Interestingly, within Pseudococccinae mealybugs, there are two genera
(Hippeococcus and Rastrococcus), which do not contain bacteria Tremblaya. The
myrmecophilous genus Hippeococcus is of special interest because it is devoid of
symbionts, although it possesses bacteriocytes (Buchner 1957a, 1965). According to
Buchner (1957a, 1965), the loss of symbionts is associated with the fact that scale
insects of the genus Hippeococcus live in mutualistic relationships with ants, which
feed them with juice rich in nutrients and vitamins. Scale insects of the genus
Rastrococcus, in turn, harbor bacteria of the Bacteroidetes phylum and/or fungal
symbionts, which, during the evolutionary history of these insects, replaced bacteria
Tremblaya (Buchner 1965; Gruwell et al. 2010). The bacterial associates are har-
bored in the bacteriocytes, whereas the fungal symbionts inhabit the fat body cells.

In both Pseudococcinae and Phenacoccinae mealybugs, symbionts are
transovarially transmitted from one generation to the next (Buchner 1965; Michalik
et al. 2019a; von Dohlen et al. 2001). The bacteria released from the bacteriocytes
(Fig. 18.8e) migrate toward ovaries and then invade the neck region of the ovariole
(Fig. 18.8f–h) in a similar mode to Eriococcidae (see Figs. 18.2c, d and 18.6e–g) and
Diaspididae (see Fig. 18.7e).

Until recently, the subfamily Rhizoecinae was also included in the family
Pseudococcidae, apart from Pseudococcinae and Phenacoccinae (Downie and
Gullan 2004), however, Hodgson (2012), based on morphological characters, ele-
vated the subfamily Rhizoecinae to the family status (i.e., Rhizoecidae). What is of
special interest is that Gruwell et al. (2010) found that scale insects of the genus
Rhizoecus do not harbor betaproteobacterium Tremblaya, but are the host to
flavobacteria (termed by these authors Brownia rhizoecola). Thus, the results of
the studies on the symbiotic system of Rhizoecidae mealybugs strongly support the
classification of the mealybugs proposed by Hodgson (2012).

Interestingly, “bacteriocyte” symbiosis has also been reported in Dactylopius
coccus (Ramirez-Puebla et al. 2010), a member of the family Dactylopiidae which,
until recently, was regarded as the asymbiotic (Tremblay 1977). Ramirez-Puebla
(2010) reported that the scale insects of the genus Dactylopius harbor the obligate
bacterial associate (termed Dactylopiibacterium carminicum) representing
Betaproteobacteria. Genomic analyses have revealed that Dactylopiibacterium has
the potential to fix nitrogen, synthesize amino acids, and vitamins (Ramirez-Puebla
et al. 2010; Vera-Ponce de Leon et al. 2017). Because the use of the FISH technique
indicated the presence of Dactylopiibacterium in the ovaries, it seems to be probable
that this microorganism is transovarially transmitted from mother to offspring.
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18.4 Symbiosis with Fungal Microorganisms

Most insects live in the symbiotic associations with bacteria, however, in some
insect taxa, the fungi (traditionally named yeast-like symbionts) also play a nutri-
tional role. So far, the symbionts of the fungal origin have been discovered in
members of several unrelated families of scale insects, such as the lac scales
(Kerridae), gall-like scales (Kermesidae), soft scales (Coccidae), and some species
of mealybugs (Pseudococcidae) (see Table 18.3) (Buchner 1957b, 1965; Gomez-
Polo et al. 2017; Michalik et al. unpublished data; Podsiadło et al. 2018; Šulc 1906;
Tremblay 1997; Vashishtha et al. 2011).

The molecular phylogenetic analyses, of the 18S rRNA gene of the fungal
symbionts accompanying the scale insects from the family Kermesidae, Kerridae,
and Coccidae, revealed that: (1) these microorganisms belong to the subphylum
Pezizomycotina of the phylum Ascomycota and (2) these symbionts were indepen-
dently acquired by different lineages of scale insects (Gomez-Polo et al. 2017;
Podsiadło et al. 2018; Vashishtha et al. 2011).

What is of special interest is that the fungal symbionts of Kermesidae and
Coccidae appeared to be closely related to the entomoparasites such as
Ophiocordyceps or Metarhizium (Gomez-Polo et al. 2017; Michalik et al.
unpublished data; Podsiadło et al. 2018). Thus, during the cophylogeny of scale
insects and fungi, the transition from the parasitic to the symbiotic relationship
between both these organisms occurred.

Microscopic observations (Buchner 1965; Gomez-Polo et al. 2017; Michalik
et al. unpublished data; Podsiadło et al. 2018) revealed that the fungal symbionts
may occur extracellularly in the hemolymph, and intracellularly in the cells of the fat
body (Fig. 18.9a, b). The recent ultrastructural observations of Michalik et al.
(unpublished data) of several species of the family Coccidae revealed that the fungal
symbionts, like the bacterial symbionts from the family Eriococcidae (see
Figs. 18.2c, d, and 18.6e, f), Diaspididae (see Fig. 18.7f), and Pseudococcidae (see
Fig. 18.8f, g), infect the neck region of the ovariole containing choriogenic oocytes
(Fig. 18.9c). These symbionts migrate to the perivitelline space via follicular cells
surrounding the nutritive cord (Fig. 18.9d). After the migration of symbionts had
been completed, the oocyte becomes covered by the egg envelopes (Fig. 18.9e) and
the tropharium and nutritive cord degenerate (Fig. 18.9e).

18.5 Concluding Remarks and Future Perspectives

The overview presented above shows that during the evolutionary history, the scale
insects acquired diverse symbionts, and developed different modes of transmission
of symbiotic associates between generations. The use of molecular techniques in two
past decades has brought about great progress in the studies of the symbiotic systems
of insects, resulting in the determination of the systematic affiliation of symbionts
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and the clarification of the molecular background of their function. There are,
however, several families of the scale insects (e.g., Xylococcidae, Kuwaniidae,
Phenacoleachiidae, and Carayonemiidae), whose symbionts remain completely
unknown or have not been examined by the ultrastructural and molecular techniques.
Thus, it seems reasonable to expect that the studies on the above-mentioned scale
insects may add new data on the cophylogeny of scale insects and their microbiota.
The future studies should also try to explain the role of the particular symbiotic
associates within the systems enclosing two or more symbionts, because the situa-
tion found in the Pseudococcinae mealybugs or in the monophlebid Llaveia axin
axin suggests that the functioning of the symbiotic systems may be more complex
than previously assumed.

Fig. 18.9 Symbiosis with fungal microorganisms in Kermesidae and Coccidae. (a) Kermes
quercus (Kermesidae). Fungal symbionts (black arrows) in cells of the fat body. (b)
Parthenolecanium pomeranicum (Coccidae). Cells of fungal symbionts (black arrows) in the fat
body cell. (c) Eriopeltis stammeri (Coccidae). Infection of the neck region of the ovariole (longi-
tudinal section) through fungal symbionts (black arrows). (d) Eriopeltis stammeri (Coccidae).
Fungal symbionts (black arrows) in the cytoplasm of follicular cells. (e) Eriopeltis stammeri
(Coccidae). Fungal symbionts (black arrows) in the deep invagination of the oolemma at the
anterior pole of the oocyte. Note degenerating tropharium. (a, c, e)Methylene blue, scale bar¼ 2 μm,
(b, d) TEM, scale bar ¼ 2 μm. dt degenerating tropharium, fc follicular cell, nc nutritive cord, oc
oocyte, tc trophocyte, tn trophocyte nucleus, and tr trophic core
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Chapter 19
Bacterial Symbionts of Tsetse Flies:
Relationships and Functional Interactions
Between Tsetse Flies and Their Symbionts

Geoffrey M. Attardo, Francesca Scolari, and Anna Malacrida

Abstract Tsetse flies (Glossina spp.) act as the sole vectors of the African trypano-
some species that cause Human African Trypanosomiasis (HAT or African Sleeping
Sickness) and Nagana in animals. These flies have undergone a variety of special-
izations during their evolution including an exclusive diet consisting solely of
vertebrate blood for both sexes as well as an obligate viviparous reproductive
biology. Alongside these adaptations, Glossina species have developed intricate
relationships with specific microbes ranging from mutualistic to parasitic. These
relationships provide fundamental support required to sustain the specializations
associated with tsetse’s biology. This chapter provides an overview on the knowl-
edge to date regarding the biology behind these relationships and focuses primarily
on four bacterial species that are consistently associated with Glossina species. Here
their interactions with the host are reviewed at the morphological, biochemical and
genetic levels. This includes: the obligate symbiont Wigglesworthia, which is found
in all tsetse species and is essential for nutritional supplementation to the blood-
specific diet, immune system maturation and facilitation of viviparous reproduction;
the commensal symbiont Sodalis, which is a frequently associated symbiont opti-
mized for survival within the fly via nutritional adaptation, vertical transmission
through mating and may alter vectorial capacity of Glossina for trypanosomes; the
parasitic symbiont Wolbachia, which can manipulate Glossina via cytoplasmic
incompatibility and shows unique interactions at the genetic level via horizontal
transmission of its genetic material into the genome in two Glossina species; finally,
knowledge on recently observed relations between Spiroplasma and Glossina is
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explored and potential interactions are discussed based on knowledge of interactions
between this bacterial Genera and other insect species. These flies have a simple
microbiome relative to that of other insects. However, these relationships are deep,
well-studied and provide a window into the complexity and function of host/
symbiont interactions in an important disease vector.

19.1 Introduction

Human African Trypanosomiasis (HAT, sleeping sickness) and Animal African
Trypanosomiasis (AAT, Nagana) are neglected tropical diseases affecting humans
and animals throughout countries in sub-Saharan Africa. These diseases are inevi-
tably fatal if left untreated. Recently, coordinated efforts by affected countries have
brought case numbers down dramatically (Franco et al. 2018; Meyer et al. 2016).
However, these efforts need to be maintained to prevent future resurgences as has
occurred in the past when control efforts waned. The animal form of the disease
remains a large problem and has tremendous impacts on the economy and people of
affected areas (Isaac et al. 2017). The trypanosomes responsible for these diseases
are vectored from a reservoir to host or from host to host by tsetse flies (Glossina
spp.). Flies within the genus Glossina are the sole vectors of African trypanosomes
in humans and the primary vectors of trypanosomes in animals. Vector control is a
primary mechanism for control of trypanosomiasis transmission (Vreysen et al.
2013). This is due to the low natural population numbers of Glossina in the wild.
This feature differentiates tsetse flies from more prolific vectors such as mosquitoes
and is due to their unique biology and unusual adaptations.

Tsetse flies are specialized vectors. They differ from other Dipteran vectors in that
both sexes feed on blood alone and derive no nutrition from alternative sources such
as floral nectar as mosquitoes do (Buxton 1955; Magnarelli 1978). Tsetse flies also
differ in their reproductive biology as females give birth to live fully developed 3rd
instar larvae (Mellanby 1937; Tobe 1978). The female fly provides for all of the
nutritional requirements of the larvae by secretion of a lactation product (or milk)
into the uterus where the developing larvae live (Ma and Denlinger 1974). The
evolutionary pressures behind these adaptations are unknown. However, these
pressures resulted in extreme adaptations, which required or were facilitated by the
presence of symbiotic bacteria. Obligate mutualistic bacterial relationships with
insects are well documented and often function to compensate for dietary adapta-
tions to exploit rich but nutrient-deficient dietary sources (Buchner 1965; Douglas
1989). Examples include homopteran insects such as aphids that feed exclusively on
plant sap, which lacks essential amino acids. Other insect species with wood-based
diets such as carpenter ants (Hymenoptera) (Schroder et al. 1996) and termites
(Isoptera) (Jucci 1952) require microbial assistance with the digestion of cellulose.
Hematophagous insects subsist entirely on blood, which lacks in B vitamin-
associated compounds. In addition to tsetse, examples of other blood feeders with
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symbiotic relationships include bed bugs (Cimicidae) (Chang and Musgrave 1973)
and lice (Anoplura) (Puchta 1955).

Symbiotic relationships can range from mutualistic where the insect and the
bacteria are receiving positive effects from their relationship, to parasitic where the
bacteria are exploiting the host resulting in negative impacts on fitness and/or
reproduction and some relationships are commensal where the bacteria benefit at
no apparent cost to the insect host. To date, research shows that tsetse flies have
consistent relationships with a few bacterial species. In general, tsetse flies have a
relatively simple microbiome consisting primarily of four characterized species.
These include Wigglesworthia glossinidia, Sodalis glossinidius, Wolbachia
pipientis, and Spiroplasma (Fig. 19.1). The presence or absence of all but one of

Fig. 19.1 Diagrammatic presentation of the microbiota in Glossina. The tissue localization and
main features are reported for (a) Wigglesworthia glossinidia, (b) Sodalis glossinidius, and (c)
Wolbachia pipientis
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these bacterial species is variable. The only bacterial species consistently found in all
tsetse fly species is Wigglesworthia glossinidia, which functions as an obligate
mutualist. The interactions between vectors, their microbiota, and the parasites
they vector are intricate. This chapter will explore the biology behind these relation-
ships and the implications for tsetse physiology, vector control, and vectorial
capacity.

19.2 Wigglesworthia glossinidia

19.2.1 Discovery

The first documentations of bacteria (bacteroids) living within the digestive tract of
tsetse flies were made inGlossina fuscipes andGlossina tachinoides by Robert Koch
in 1907 (Stuhlmann 1907). This was followed by a paper reported by Roubaud who
hypothesized that the bacteria were symbiotic and aided in the digestion of blood by
the fly (Roubaud 1919). These papers documented the presence of the bacteria and
observed they were living intracellularly in a tissue (at the time termed the
mycetome, currently referred to as the bacteriome), made up of giant hypertrophic
cells. These cells contained bacteria, which Roubaud hypothesized that they were
released during blood feeding to aid in digestion. The symbionts were further
characterized in detail by Wigglesworth in 1929 in his analysis of the physiology
of the tsetse digestive tract as well as by Buxton in his extensive 1955 memoir on
Glossina biology for the London School of Tropical Medicine and Hygiene (Buxton
1955; Wigglesworth 1929). Wigglesworth did not observe free forms of the bacteria
and suspected the observed free bacteria may have been released from the
bacteriome due to damage during dissection. These papers hypothesized that
Wigglesworthia functioned to supplement or aid in the digestion of tsetse’s blood-
specific diet; however, the lack of antibiotics made it difficult to target the bacteria
for experimental purposes. Roubaud and Wigglesworth also hypothesized that these
bacteria were vertically transmitted to the intrauterine larvae via the milk secretions
generated by the female accessory (milk) glands.

The first functional evidence of Wigglesworthia’s role as a symbiont was
described when flies were fed on antibiotic-treated rabbits. The antibiotic fed flies
were observed to have morphological disturbances in the bacteriome and a lack of
bacteria. These flies showed decreased blood-feeding rates and appeared incapable
of developing larvae, which were aborted early in their development (Hill et al.
1973). This observation was repeated by Nogge by direct antibiotic treatment of
tsetse flies via an artificial blood meal (Nogge 1976). It was also shown that flies
feeding on rabbits inoculated with Wigglesworthia become sterile. The antisera
against Wigglesworthia from the rabbits are specifically bound and killed the
bacteria in the bacteriome of flies (Nogge 1978). Nogge also noted that the loss of
fecundity in tsetse in which endosymbionts had been removed (aposymbiotic) could
be partially complemented by supplementation of blood meals with B-vitamins
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(Nogge 1976). While the loss of symbionts has a negative impact on fecundity, it
does not seem to influence lifespan (Nogge and Gerresheim 1982).

19.2.2 Localization and Transmission

The localization of Wigglesworthia in Glossina is specific to two locations. As
mentioned previously, they are found living intracellularly within the giant
bacteriocyte cells of the bacteriome tissue. The bacteriome is located in the anterior
section of the Glossina midgut and from the exterior appears as a horseshoe-shaped
structure that encircles the dorsal side of the midgut. The bacteriocyte giant cells
protrude into the anterior midgut from the basal lamina of the gut and occupy a
significant portion of the gut lumen (Wigglesworth 1929). Ultrastructural analysis of
the bacteriome by transmission electron microscopy revealed many new observa-
tions about the relationship between tsetse and Wigglesworthia. Visualization of the
bacteriome revealed that Wigglesworthia was gram-negative based on their mem-
brane composition and rod-shaped up to 8 microns in length and 1–1.4 microns in
width. The analysis also identified the presence of secretory vacuoles within
Wigglesworthia connected to the plasma membrane (Reinhardt et al. 1972).

Analysis of genes enriched in the bacteriome of Glossina morsitans revealed
tissue-specific gene expression patterns indicative of the specialization of these cells.
The bacteriocytes are enriched in the expression of vesicular transport/exocytosis-
related genes, sodium/potassium pumps, a lectin, and the peptidoglycan recognition
protein LB (PGRP-LB) (Bing et al. 2017). The lectin is a carbohydrate-binding
protein that in some systems is associated with symbiont uptake and localization
(Bulgheresi et al. 2006; Chaston and Goodrich-Blair 2010; Kita et al. 2015; Wang
et al. 2010). The ion pumps and secretion-associated genes suggest that the
bacteriocytes are maintaining an ion gradient that may assist in the exocytosis and
secretion of intracellular compounds and may function to export Wigglesworthia-
derived cofactors. The presence of PGRP-LB is thought to have an immunosup-
pressive function by binding and cleaving free Wigglesworthia-derived peptidogly-
can (Wang et al. 2009).

Initial hypotheses by Wigglesworth suggested that Wigglesworthia were trans-
mitted vertically from mother to offspring via the glandular “milk” secretions
produced by the female accessory gland (milk gland) that flow into the uterus and
are imbibed by the developing larvae. Ultrastructural analysis of the milk gland
tubules by Denlinger and Ma revealed the presence of bacteria living within the
lumen of the gland and often located in close association with the openings of the
secretory reservoirs from which milk is released (Ma and Denlinger 1974). The milk
gland-associated bacteria showed differences from those in the bacteriome. The
bacteria in the milk gland were extracellular, had a thicker cell wall, and were coated
in filamentous fimbriae 5–7 nm in diameter and 2 μm in length. These bacteria were
later confirmed as Wigglesworthia by in situ staining of milk gland tissues with a
specific 16S ribosomal RNA probe (Attardo et al. 2008; Balmand et al. 2013). The
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morphological differences between the bacteriocyte and milk gland-derived
Wigglesworthia appear to reflect differential morphological states required for
intra and extracellular life within Glossina. Larval Glossina are exposed to
Wigglesworthia only via their gut contents. During the larval stage, the gut is a
closed system with larvae lacking an anal opening. A possible mechanism is if
bacteria ingested during larvigenesis end up being partitioned, with some invading
the cells of the bacteriome and others making their way to the milk gland possibly
during metamorphosis. However, the route and mechanism of this colonization
process remains an open question.

19.2.3 Phylogeny

Genetic analysis of Wigglesworthia by 16S ribosomal DNA analysis revealed that
they fall into a discrete lineage close to members of the Enterobacteriaceae family
within the class γ Proteobacteria. The Enterobacteriaceae are facultative anaerobes
and include many species that function as gastrointestinal pathogens including
Escherichia coli (E. coli) O157:H7, Salmonella, and Shigella. The γ Proteobacteria
also contain a lineage of obligate symbionts of aphids in the genus Buchnera
(Munson et al. 1991; Unterman et al. 1989). Analysis of Wigglesworthia derived
from five species of Glossina representing three subgenera of tsetse flies revealed
that these bacteria also form a specific lineage within the γ-3 subdivision of the
Proteobacteria. Phylogenetic comparison of Wigglesworthia by 16S rDNA
sequencing revealed them as close relatives of Buchnera, symbionts identified in
other insects and E. coli (Aksoy 1995). The phylogeny of Wigglesworthia from the
different species of Glossina closely matched the phylogeny of the flies themselves.
This suggests the evolution of Wigglesworthia is parallel to that of Glossina
reflecting an ancient relationship derived from a common ancestor (Aksoy et al.
1995; Chen et al. 1999; Symula et al. 2011). This relationship is estimated to have
begun in an ancestral tsetse 50–100 million years ago.

19.2.4 Genetics, Functional Conservation, and Gene Loss

Sequencing of the Wigglesworthia genome revealed multiple insights into its biol-
ogy and functional role as an obligate symbiont. The sequence was obtained from
Wigglesworthia derived from the tsetse species Glossina brevipalpis. The genome is
contained in a single chromosome and a plasmid with a total size of 697,742 base
pairs containing 621 protein-coding sequences with 89.1% of the genome containing
coding regions (Akman et al. 2002). The size of the genome is very small relative to
most free-living bacteria and is similar in size to that of the obligate symbiont of
the Pea aphid Buchnera aphidicola. The small size of these genomes likely reflects
the symbiotic nature of these bacteria as they exist in a protected state within the
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bacteriome tissues of the host (Bennett and Moran 2013; Moran and Bennett 2014).
The protective environment and the presence of host-derived nutrients allow for
relaxed evolutionary selection on functions required for free-living and competitive
environments. In addition, obligate endosymbionts also tend to undergo rapid
evolution due to the potential bottlenecks between generations during vertical
transmission. To date, attempts to culture Wigglesworthia have failed, suggesting
that these reductions have compromised their ability to survive outside the param-
eters of the host environment. Wigglesworthia’s genome also has a very low
guanine/cytosine content of 22%, which is also similar to that of other intracellular
bacteria. This is thought to result from the loss of genes coding for repair and
recombination enzymes associated with the SOS, base excision, and nucleotide
excision repair systems. However, genes with high expression levels such as ribo-
somal proteins and chaperonins have a bias toward the use of GC-rich amino acid
codons relative to the rest of the genome (Herbeck et al. 2003). In addition,
Wigglesworthia lacks the DnaA and OriC genes, which are essential components
of the chromosomal replication complex, suggesting they are accomplishing this by
an alternative method. Another interesting observation is that Wigglesworthia also
lacks the gene coding for phosphofructokinase (PfkA), which is required for energy
production via glycolysis and genes required for amino acid biosynthesis (Zientz
et al. 2004).

The genes retained by Wigglesworthia are informative as to the selective pres-
sures and unique environmental requirements within Glossina. These illustrate
the biological demands required for maintenance of the vitality and fecundity of
the host. WhileWigglesworthia lacks a key enzyme for glycolysis, it has retained the
transketolase and transaldolase enzymes utilized by the nonoxidative branch of the
pentose phosphate pathway. This pathway may be facilitating the oxidation of
abundant blood meal-derived amino acids for energy. In addition, they have retained
the fructose bisphosphatase ( fbp) gene, which facilitates the synthesis of complex
carbohydrates by gluconeogenesis as well as all the enzymatic components required
for lipid, phospholipid, and nucleotide biosynthesis (Zientz et al. 2004).

The Wigglesworthia genome has maintained genes associated with biosynthetic
pathways required for the synthesis of B-vitamins and cofactors such as pantothenate
(B5), biotin (B7), riboflavin (B2), folate (B9), thiamine (B1), nicotinamide (B3), and
pyridoxine (B6) (Akman et al. 2002). These compounds are deficient in blood and
the retention of these biosynthetic pathways appears to be associated with nutritional
supplementation of the tsetse host. This observation reinforces the original hypoth-
eses of Roubaud, Wigglesworth, and Nogge. In addition, Wigglesworthia maintains
all the genes required for the assembly and function of flagella. The function of the
flagella in Wigglesworthia is unknown. The observation of fimbriae associated with
extracellular milk gland Wigglesworthia suggests that the fimbriae are flagella and
may be involved in motility and cellular invasion of the bacteriome during vertical
transfer. Expression of the flagella-associated genes motA and fliC is specific to
maternal milk glands, larvae and early pupal stages of development and their
expression are not observed in bacteriome-associated Wigglesworthia (Rio et al.
2012).
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High-throughput analysis of bacteriome-associated Wigglesworthia gene expres-
sion revealed enriched expression of functional classes of genes by the symbiont
(Bing et al. 2017). The most abundant genes expressed by Wigglesworthia code for
chaperonins, which aid in protein folding, as well as proteins associated with the
degradation of misfolded proteins. These are hypothesized to compensate for the
AT-rich nature ofWigglesworthia’s genome and the absence of rigorous DNA repair
systems lost over evolutionary time. The second most highly expressed class of
Wigglesworthia genes was associated with B-vitamin biosynthesis. Genes associated
with thiamine (B1) biosynthesis were most highly expressed, followed by biotin
(B7), riboflavin (B2), pantothenate and CoA (B5), nicotinamide (B3), pyridoxine
(B6), and folate (B9) (Bing et al. 2017).

19.2.5 Roles in Glossina Digestion and Metabolism

The relationship between Glossina and Wigglesworthia is complex and is essential
to multiple aspects of tsetse fly biology including digestion, metabolism, reproduc-
tion, and immunity. In the absence of Wigglesworthia, female Glossina becomes
unable to develop intrauterine larval offspring, however, aposymbiotic males do not
appear to suffer significant impacts to their fertility (Hill et al. 1973; Nogge 1976;
Pais et al. 2008). Females in this state develop and ovulate oocytes. After fertiliza-
tion, the oocytes appear to undergo embryogenesis, however, females abort their
developing larvae early in intrauterine development. This suggests that either the
larvae are dying due to malnutrition or that something is initiating premature
parturition. Malnutrition could result from the lack of a Wigglesworthia-derived
compound or the female’s inability to effectively transfer nutrients via the milk in the
aposymbiotic state. The retention of genes required for B-vitamin compound bio-
synthesis in the context of Wigglesworthia’s extreme genomic reduction highlights
their significance within the context of the host and their role in dietary
supplementation.

Research on the function of these compounds in Glossina biology has revealed
important insights into this relationship. Dietary supplementation of Glossina blood
meals with thiamine results in decreased Wigglesworthia population density and
reduced expression of the Wigglesworthia thiC gene. This suggests that
Wigglesworthia can sense environmental thiamine levels and regulate the expression
of its biosynthetic pathway accordingly. Ectopic treatment with thiamine also caused
changes in Wigglesworthia density suggesting that there is a potential population-
regulatory mechanism either via the Glossina immune system or a regulatory
mechanism within Wigglesworthia (Snyder et al. 2012).

In Glossina, the amino acid proline is the primary source of ATP production via
the tricarboxylic acid (TCA) cycle. The proline is catabolized to alanine to produce
ATP. The alanine is then shuttled back to lipid storage tissues where it is restored to
proline by the addition of lipid-derived acetyl-CoA. This differs from many other
insects that utilize carbohydrates as their primary source of ATP (Bursell 1960,
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1963, 1966). A key enzyme required for the conversion of alanine back to proline is
alanine-glyoxylate aminotransferase (AGAT). This enzyme requires vitamin B6
(pyridoxal 50-phosphate) as a cofactor to function. Aposymbiotic flies have signif-
icantly lower levels of vitamin B6 as well as lower levels of free proline in their
hemolymph. The lack of a key energy-associated metabolite during pregnancy is
likely a significant impediment during the energetically demanding process of
lactation in females (Michalkova et al. 2014).

The production of folate (Vitamin B9) byWigglesworthia is important for fitness
and reproductive function in Glossina. Folate functions as a cofactor in many
pathways/processes including DNA/RNA synthesis, repair, methylation, and pro-
duction of the amino acid methionine. Wigglesworthia upregulates genes associated
with the chorismite and folate biosynthesis in young and pregnant female flies
relative to males and virgin females. This suggests that Wigglesworthia responds
to the requirements of the host. In addition, Glossina expresses a folate transporter
protein in proportion to the folate level in the bacteriome (Snyder and Rio 2015).
There are significant molecular and biochemical interactions occurring at the inter-
face of the symbiont and host that maintain the equilibrium of the system. Female
flies fed on glyphosate, an inhibitor of the chorismate and folate biosynthetic
pathways, show a number of pathologies associated with folate deprivation. Off-
spring from folate-deficient mothers had longer larval and pupal development times,
weighed less, and had a smaller adult body size (Snyder and Rio 2015).

Comparison of tetracycline-treated aposymbiotic female flies with age-matched
pregnant females by untargeted metabolomic analyses revealed dysfunction in
multiple metabolic pathways. As predicted by previous work, aposymbiotic females
show deficiencies in B-vitamins and associated compounds resulting from the loss of
Wigglesworthia (Bing et al. 2017). Many pathways with altered metabolite profiles
are those with enzymes dependent on B vitamins as enzymatic cofactors. Metabo-
lism of glycogen appears disrupted as aposymbiotic flies show increased levels of
unprocessed glycogen metabolites relative to symbiotic flies. This is likely a result of
the deficiency in vitamin B6, which is required as a cofactor by the enzyme glycogen
phosphorylase. Another disruption appears in a pathway downstream of the glyco-
gen pathway, the pentose phosphate pathway. This pathway processes glucose-6-
phosphate derived from glycogen catabolism and converts it into NADPH (utilized
in reduction reactions and fatty acid biosynthesis) and 5 carbon sugars (pentoses),
which are required for the synthesis of aromatic amino acids and nucleotides. A key
enzyme in this pathway is transketolase, which is dependent on vitamin B1 (thia-
mine). The disruption of this pathway results in a severe deficiency in the metabolite
phosphoribosyl pyrophosphate (PRPP). This compound is an essential precursor to
nucleotide biosynthesis and aposymbiotic flies appear to be impacted by this as they
show significant deficiencies in purine and pyrimidine nucleotide biosynthesis (Bing
et al. 2017). The deficiencies in nucleotide biosynthesis in combination with the
B-vitamin deficiencies have further impacts downstream in the methionine metab-
olism pathway. This pathway is responsible for the production of S-adenosyl-
methionine (SAM), which functions as a universal methyl donor in methylation
reactions. Levels of SAM in aposymbiotic flies relative to controls were the second-
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lowest among all the metabolites identified after PRPP. The biosynthesis of SAM
requires adenosine, folate, and vitamin B6 all of which are deficient in aposymbiotic
tsetse.

The exact cause behind why aposymbiotic female tsetse is unable to develop
intrauterine larvae remains undetermined. However, the observed deficiencies indi-
cate that lipid metabolism could be impacted. The reduced levels of NADPH could
negatively impact fatty acid biosynthesis. In addition, the reduced levels of SAM
could be impacting the synthesis of phospholipids, which play an important role in
lipid storage, metabolism, and mobilization.

19.2.6 Roles in Immunity and Development

The interactions between Glossina and Wigglesworthia are ancient and complex
affecting many aspects of the system. The role of Glossina species as vectors of
trypanosomes makes the topic of immunity of particular interest. The obligate
presence of symbionts requires fine tuning of immune responses such that potential
pathogens are selectively targeted to avoid damage of symbiotic populations. Exper-
imental treatment of female flies with the antibiotic ampicillin resulted in selective
elimination of Wigglesworthia from the milk gland. However, the intracellular
population in the bacteriome remained intact due to the inability of the antibiotic
to penetrate the bacteriocytes (Pais et al. 2008). This resulted in females that
maintain their fecundity; however, they do not pass on Wigglesworthia to their
offspring. This finding allowed the study of the developmental impacts on tsetse
physiology/biology associated with the loss of Wigglesworthia.

Glossina that develop in the absence ofWigglesworthia shows phenotypic effects
that highlight the impacts of development in the absence of their symbionts.
Aposymbiotic flies derived from ampicillin-treated mothers show a significant
decrease in survival over time relative to symbiotic flies. This phenotype is exacer-
bated at higher temperatures. These flies also show deficiencies in digestion
manifested as a reduced rate of blood meal digestion and the abundant presence of
undigested hemoglobin in the gut 2 days after blood feeding. Flies lacking
Wigglesworthia also appear more susceptible to infection by trypanosomes (Pais
et al. 2008).

Analysis of immune gene expression associated with the presence or absence of
Wigglesworthia showed that the peptidoglycan recognition protein PGRP-LB is
upregulated in the bacteriome and milk gland tissues in the presence of
Wigglesworthia and is downregulated in aposymbiotic flies (Dawadi et al. 2018;
Wang and Aksoy 2012). PGRP-LB was first shown to moderate the immune system
function inDrosophila through degradation of bacterially derived peptidoglycan and
buffering activation of the Immune Deficient (IMD) immune pathway (Zaidman-
Remy et al. 2006). Flies in which PGRP-LB is knocked down show higher levels of
IMD-dependent antimicrobial gene expression. In Glossina, this protein is thought
to regulate symbiont population numbers and protect the symbionts from the
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immune system in the bacteriome and the milk gland. A similar role for PGRP-LB in
mediating the symbiont/host relationship is also documented in the weevil
(Sitophilus zeamais) (Anselme et al. 2006). Progeny of female PGRP-LB knock-
down flies shows lower densities of Wigglesworthia suggesting that this is an
important mechanism that ensures safe transfer of the symbiont from mother to
offspring (Wang and Aksoy 2012).

Aposymbiotic Glossina show higher levels of IMD pathway-associated innate
immune gene expression. However, if larvae develop in the absence of symbionts,
they display an immunocompromised phenotype resulting from incomplete cellular
immune cell development. This manifests as an inability to melanize and clot
cuticular wounds and lack of mature hemocytes in their hemolymph (Weiss et al.
2011). Adult flies with this phenotype are very susceptible to hemocelic infections
by E. coli relative to wild flies. Aposymbiotic Glossina appear to be deficient in
plasmatocyte and crystal cell type hemocytes. These types of cells are responsible
for phagocytosis of foreign bodies (plasmatocytes) and secretion of chemical com-
ponents required for melanization (crystal cells). The hemocyte deficiency results
from an inability of hemocyte precursor cells to differentiate into active immune
cells. These findings suggest that Wigglesworthia provides stimuli required for
proper hemocyte and immune system maturation (Weiss et al. 2011). Deeper
analysis of this phenotype revealed that the presence of Wigglesworthia in develop-
ing larvae stimulates the expression of a gene coding for an odorant-binding protein,
obp6. Knockdown of obp6 expression in larval tsetse inhibited differentiation of
precursor hemocytes into crystal cells specifically. The lack of crystal cells results in
an inability of flies to melanize cuticular wounds or invading pathogens in a manner
similar to aposymbiotic flies (Benoit et al. 2017). OBPs are thought to function as
transporters for small hydrophobic molecules typically associated with olfaction
(Zhou 2010). In this case, OBP6 is hypothesized to mediate the activity of a
Wigglesworthia-derived compound required for crystal cell hemocyte differentia-
tion. This finding expands the functional role of OBPs (previously thought to
primarily function in olfaction) into the realm of development and immunity.

19.2.7 Summary

The relationship between Wigglesworthia and Glossina is intricate and essential for
the survival of both organisms. The dependence of Glossina development, immu-
nity, metabolic function, and reproduction on Wigglesworthia highlights the intri-
cacy of this partnership. While this partnership is likely unique in some respects, the
dependence of other blood-feeding insects suggests that there may be similarities in
the relationships between obligate blood feeders and their associated obligate sym-
biotic relationships.
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19.3 Sodalis glossinidius

19.3.1 Discovery and Genetic Characterization

Sodalis was first described in 1987 as a Rickettsia-like-organism isolated from the
hemolymph of Glossina by culturing it in a cell line from the Asian Tiger mosquito
Aedes albopictus (Welburn et al. 1987). The bacterium was classified as a member of
the family Enterobacteriaceae within the γ-3 subdivision of the Proteobacteria. This
family contains multiple species found as symbionts in other insects (Aksoy et al.
1997; Hosokawa et al. 2015; Novakova et al. 2015). The bacterium was cultured and
characterized outside of the fly under microaerobic conditions using a solid-phase
culture technique. A new genus, Sodalis, was derived from this work to contain
secondary symbionts of other tsetse and insect species (Dale and Maudlin 1999).
Initial analyses of the Sodalis genome by pulse field gel electrophoresis determined
it to be ~2 Megabases (Mb) (Akman et al. 2001); however, follow up efforts with
more advanced sequencing technologies revealed the genome to be 4.1 Mb (Toh
et al. 2006). Sodalis also carries multiple extrachromosomal plasmids (Akman et al.
2001). The extrachromosomal material contains genes coding for pilus proteins
required for bacterial conjugation and horizontal gene transfer as well as
siderophores required for the binding and transport of iron (Darby et al. 2005).

Comparison of the genome relative to E. coli (another member of the
Enterobacteriaceae) via microarray revealed that the two organisms are ~85%
orthologous in terms of gene composition. The genome contains three regions
encoding Type III secretion systems (SSR-1, SSR-2, and SSR-3), which appear to
have independent ancestries and differences in their constitution (Toh et al. 2006).
The SSR-1 region is similar in composition to the Type III secretion system ysa in
the bacteria Yersinia enterolitica, while SSR-2+3 bear similarity to SPI-1+2 in
Salmonella. Many pseudogenes were found in the Sodalis genome relative to that
of free-living Salmonella typhi and Yersinia pestis. Genes lacking functional
orthologs in Sodalis are associated with anaerobic metabolism and carbohydrate
transport/metabolism. In addition, there are reductions in genes coding for
membrane-associated proteins as well as those involved in cell structure (Rio et al.
2003). Further analysis of the Sodalis genome revealed the loss of the arginine
biosynthesis pathway in Sodalis suggesting that it scavenges this amino acid from
Glossina (Belda et al. 2010). Another feature of the Sodalis genome was the loss of
the pathway for synthesis of the B-vitamin thiamine, yet they have retained a
thiamine transporter gene. Wigglesworthia is capable of thiamine production
suggesting that Sodalis may scavange Wigglesworthia-derived thiamine (Snyder
et al. 2010). While Sodalis does not show the same level of genomic reduction as
Wigglesworthia, the loss of these genes suggests it could be at an intermediate stage
in the transition from a free-living facultative relationship to that of a symbiont.

An updated annotation of the Sodalis genome and development of a new culture
system utilizing media with defined ingredients facilitated in-depth analysis of the
nutritional and growth requirements of Sodalis in vitro. This work determined that
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Sodalis does encode an arginine biosynthesis system and is not completely auxo-
trophic. Growth on media lacking arginine is reduced, but not eliminated. Addition
of excess L-glutamate to this system rescued the reduced growth rate associated with
arginine depletion suggesting that Sodalis can compensate for low environmental
arginine with L-glutamate and that this compound functions as an important source
of carbon and nitrogen. Another interesting finding is that the carbohydrate N-acetyl-
D-glucosamine, a component of insect chitin, is an important dietary factor for
Sodalis. This suggests that Sodalis may have adapted to utilize an abundant carbo-
hydrate associated with the Glossina physiological environment (Hall et al. 2019).

19.3.2 Biology, Localization, and Transmission

As opposed to Wigglesworthia, the Sodalis’s range is not limited to specific tissues
and are found throughout the fly. During intrauterine larval development, Sodalis
migrates into the developing larvae via the milk secretions. Upon eclosion from the
pupa, a significant increase in the numbers of Sodalis relative to Glossina host cells
is observed over a two-week period. The numbers of Sodalis then appear to fluctuate
over time in adults (Rio et al. 2006). Sodalis is found intra and extracellularly in
tissues throughout larval and adult Glossina including the midgut, fat body, milk
gland, uterus, and oviduct. The ovaries and developing oocytes remain uninfected
(Attardo et al. 2008; Balmand et al. 2013). Sodalis are also capable of transfer from
infected males to females via seminal secretions during mating (De Vooght et al.
2015). Work by Dale and Welburn revealed that treatment of Glossina with the
antibiotic streptozotocin selectively eliminates Sodalis while leaving bacteriome-
based Wigglesworthia intact. This treatment did not impact Glossina fecundity, as
observed with the elimination of Wigglesworthia. However, flies lacking Sodalis
showed a significant reduction in lifespan and increased susceptibility to trypano-
some infection in laboratory settings (Dale and Welburn 2001).

Investigations into the role of Type III secretion systems in the relationship
between Sodalis and Glossina revealed differences relative to orthologous loci in
free-living and parasitic bacterial species. These systems are often associated with
pathogenicity due to their role in the secretion of toxins and inflammatory agents as
well as invasion of host cells. Disruption of this system by transposon-mediated
mutagenesis of the invasion protein C (invC) gene (a component of the type III
secretion system) prevented an invasion of insect cells cultured in vitro (Dale et al.
2001). SSR-2 seems to have lost gene functionality for the proteins coding for the
needle structure of the secretion system. Functional analysis of these pathways
suggests that SSR-1 is required for cell invasion while SSR-2 is required for
intracellular division (Dale et al. 2005).

Iron acquisition is essential for bacterial survival and proliferation and Sodalis has
retained protein-coding genes required for iron chelation, transmembrane transport,
heme metabolism, and iron storage. These include an inner membrane heme ABC
transporter system (hemTUV), an outer membrane heme transporter (hemR), an iron/
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manganese transporter (sitABCD), ferritin-like proteins, and an iron-responsive
negative transcriptional regulator (Fur). Analysis of the regulatory regions from
two of these Sodalis genes in E. coli revealed that the Fur regulatory protein is
required for the correct expression of these genes. Under iron-rich environmental
conditions, these genes are repressed; however, in the absence of the Fur regulator,
they are constitutively expressed. InGlossina, these genes appear to be responsive to
environmental iron as in unfed teneral flies these genes are upregulated. However, at
48 hours post blood meal, the genes are significantly downregulated (Runyen-
Janecky et al. 2010; Smith et al. 2013). The hemR outer membrane heme transporter
is essential for the survival of Sodalis in Glossina as strains with mutations in this
protein do not establish. The tonB gene codes for the protein that supplies energy to
hemR and is also essential to this system. Strains with mutations in tonB show a
similar phenotype to that of hemR mutants in that they are unable to colonize
Glossina in its absence (Hrusa et al. 2015).

Analysis of quorum-sensing mechanisms in Sodalis revealed that the compound
N-(3-oxohexanoyl) homoserine lactone regulates population numbers. The presence
of this compound activates the transcription of genes coding for oxidative stress-
response proteins that may function to reduce the oxidative burden associated with
symbiosis (Pontes et al. 2008). The changes in these systems relative to free-living
bacteria may reflect a reduction in mechanisms associated with pathogenesis and
adaptations required for invasion by and survival of Sodalis in Glossina tissues.
Transfer of Sodalis strains between Glossina species revealed that Sodalis originat-
ing in one species of Glossina are capable of colonization and survival in another
species indicating that these adaptations are not species-specific. Rather, they allow
Sodalis to be compatible across the Glossina genus (Weiss et al. 2006). Sodalis has a
truncated lipopolysaccharide (LPS) structure that lacks the O-antigen, which may
facilitate its ability to live within Glossina with the induction of an immune response
(Toh et al. 2006). In depth analysis of outer membrane proteins revealed that the
OmpA (Outer membrane protein A) gene in Sodalis contains polymorphisms not
found in other pathogenic bacteria such as E. coli. The infection of Glossina with
E. coli is fatal under normal conditions. However, infection with E. coli containing
an OmpA mutation is nonpathogenic while infection with Sodalis containing the
native E. coli OmpA gene results in a lethal infection (Weiss et al. 2008). In Sodalis,
the OmpA surface protein is essential for the establishment of gut infections within
Glossina. Mutation of the native Sodalis OmpA gene prevents biofilm formation that
is required for the protection of bacteria from the flies’ immune response (Maltz et al.
2012).

19.3.3 Distribution in Wild Populations and Relationship
with Vector Competence

Analysis of wild populations of flies revealed that the presence of Sodalis is
heterogeneous in the field. The field-collected samples of Glossina austeni and
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Glossina pallidipes from Kenya and South Africa reveal Sodalis infection rates to be
around 3.7% in G. austeni and 16% in G. pallidipes (Wamwiri et al. 2013). Analysis
of Glossina populations from Luambe National Park in Zambia also revealed high
levels of variability in the proportions of individuals infected with Sodalis. The
species with the highest infection level was Glossina brevipalpis with 93.7%
infection rate followed by Glossina morsitans and G. pallidipes with 17.5% and
1.4%, respectively (Dennis et al. 2014). llumina sequencing-based analyses of
Glossina microbiota of fly populations in Uganda have revealed a broader diversity
of microbial taxa than previously identified across multiple species of Glossina
including Glossina fuscipes fuscipes (from five distinct populations), Glossina
morsitans morsitans, and Glossina pallidipes. All samples were predominantly
occupied byWigglesworthia with it constituting the majority of bacterial sequences.
A comparison of the profiles of the remaining bacterial taxa revealed the
microbiomes from the different G. fuscipes populations showed significant diversity
between their microbial constitution. The survey also identified a high prevalence of
low-intensity Sodalis infections across all the groups tested (Aksoy et al. 2014).
Another high-throughput microbiome analysis of Glossina palpalis palpalis from
Cameroon revealed similar results with Wigglesworthia being the predominant
species in the flies and the investigators also found low-level infections of Sodalis
throughout the samples (Tsagmo Ngoune et al. 2019).

Comparison of the Trypanosoma infection rates in Sodalis infected versus
uninfected field collected flies identified a significant positive correlation between
the two suggesting that the presence of Sodalis may facilitate the establishment of
blood meal-derived Trypanosoma infections (Farikou et al. 2010; Soumana et al.
2013; Wamwiri et al. 2013). Work on changes in Sodalis gene expression in
permissive versus nonpermissive Glossina pallidipes revealed significant changes
in expression profiles between the two groups. A large proportion of the changes
associated with the refractory flies is associated with a viral prophage carried by
Sodalis, which suggests that activation of this phage may be associated with an
antitrypanosomal response (Hamidou Soumana et al. 2014a, b). However, recent
work studying the correlation between Sodalis and Trypanosoma coinfections in
wild-caught flies suggests that other factors such as geographic location,
trypanosomal species, Glossina species, and the age and sex of the flies analyzed
can be confounding factors (Channumsin et al. 2018).

Selective clearance of Sodalis using the antibiotic streptozotocin allowed
researchers to generate a Sodalis-free line of Glossina (Sod-) in the lab for compar-
ison with infected individuals (Sod+) by high-throughput gene expression analysis.
An interesting finding from this research is that there were no significant changes in
immune-responsive genes between Sod- and Sod+ flies. However, the challenge of
these flies with E. coli or Sodalis praecaptivus, a free-living relative of
S. glossinidius, resulted in a robust immune response. They also showed that
activation of Glossina’s innate immune response did not have a significant impact
on endogenous Sodalis numbers suggesting that the bacterium is resistant to host
immune factors. Comparisons of susceptibility to Trypanosoma brucei brucei
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infection between Sod- and Sod+ flies showed no significant difference between the
two groups.

19.3.4 Potential for Use in Paratransgenesis

The ability to isolate and culture Sodalis outside of Glossina provides the opportu-
nity for a reduction of Glossina’s vectorial capacity via manipulation of its symbi-
onts. This strategy is called paratransgenesis and is a promising alternative to direct
genetic manipulation of the vector species (Coutinho-Abreu et al. 2010). Current
genetic transformation technologies, functional in insects such as mosquitoes and
Drosophila, are not a viable option inGlossina due to their low reproductive rate and
viviparous physiology. Paratransgenesis works through the genetic transformation
of cultured Sodaliswith a gene encoding an antitrypanosomal factor. The engineered
Sodalis are then reintroduced into Glossina where, in principle, the presence of the
modified symbiont would create a hostile environment for invading trypanosomes
resulting in reduced or eliminated vectorial capacity. Paratransgenesis was demon-
strated in laboratory studies to be an effective strategy in kissing bugs (Order
Hemiptera, Family Triatomidae) as a way to reduce their vectorial capacity for the
Chagas pathogen, Trypanosoma cruzi (Beard et al. 2001, 2002).

Research into the use of Sodalis as a paratransgenic agent shows promise.
Transformation of Sodalis with 9 different cationic antimicrobial peptides toxic to
African trypanosomes revealed that Sodalis is resistant to 7 of them. This finding
opened the door for the utilization of Sodalis as a paratrangenesis agent for the
delivery of antitrypanosomal compounds in vivo (Haines et al. 2003). A study
demonstrated that Sodalis transformed with a gene for a trypanolytic nanobody
can secrete this factor and that they are capable of invading tissues throughout the
fly. The effective establishment of this infection was dependent on the prior treat-
ment of the flies with the antibiotic streptozotocin to deplete native Sodalis numbers
and reduce competition. These bacteria express the nanobody throughout the tissues
of the fly; however, vertical transmission of these bacteria only occurred at a low
level (De Vooght et al. 2014). Follow up work shows that the establishment of a
stable infection and reliable vertical transmission with engineered bacteria is depen-
dent upon the route of introduction. Flies given intrathoracic injections with recom-
binant Sodalis as adults were able to establish infections, but those infections are not
vertically transmitted to offspring. However, the investigators found that injection of
larval Glossina facilitated disseminated bacterial infection as well as vertical trans-
mission to the resulting offspring (De Vooght et al. 2018).

Sterile Insect Technique (SIT) is another important strategy for population control
of Glossina. An issue associated with SIT in Glossina is that radiation-sterilized
males are still capable of functioning as vectors, which is an ethical issue associated
with this approach. An alternative approach that minimizes this risk is the release of
sterile males infected with engineered Sodalis to reduce or eliminate their vectorial
capacity. Sterilization of paratransgenic males with gamma radiation revealed that
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while the treatment caused an initial decline in the number of recombinant Sodalis,
the bacterial numbers recovered over time making this a potentially practical
approach (Demirbas-Uzel et al. 2018).

19.3.5 Summary

The relationship between Glossina and Sodalis is very different from that of
Glossina and Wigglesworthia. Sodalis appears to be in an evolutionary transition
between a free-living organism and a symbiont. Its genomic reductions are not at the
level of that observed in Wigglesworthia; however, Sodalis has accumulated a
significant number of pseudogenes associated with functions required for a free-
living existence. Analysis of retained features suggests the development of special-
izations for life within the host. These include alterations to its outer membrane
proteins and secretory systems to reduce its pathogenicity and immunogenicity.
Sodalis has also made nutritional adaptations that optimize it for survival in the fly
including the use of N-acetyl-D-glucosamine as a carbon source and the retention of
a transporter to scavenge Wigglesworthia-derived thiamine. Glossina does not
require the presence of Sodalis for essential functions such as reproduction. How-
ever, selective elimination of the bacteria does have a negative impact on Glossina
lifespan suggesting a beneficial aspect to the relationship. The understanding of the
relationship between Sodalis and the different Trypanosoma types remains uncertain
given the conflicting results from field and lab-based studies. The ability to culture
and genetically manipulate Sodalis makes it an ideal agent for use in
paratransgenesis studies. Research on this method of control is ongoing and could
be a valuable tool for integration into SIT strategies or on its own to reduce the
vectorial capacity of wild Glossina populations.

19.4 Wolbachia

19.4.1 Discovery

Wolbachia is a genus of obligate intracellular gram-negative bacteria belonging to
the Order Rickettsiales and were first identified from Culex pipiens in 1924 (Hertig
and Wolbach 1924). In 1936, this finding was confirmed and described in detail
(Hertig 1936). Since these early discoveries, research has shown that Wolbachia is
widespread in arthropods (reviewed in (Serbus et al. 2008)), and is probably the most
prevalent endosymbiont found in insect germlines. It is found in every insect order
(Harris and Braig 2003), and is estimated to infect >65% insect species (de Oliveira
et al. 2015; Hilgenboecker et al. 2008).
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19.4.2 Basic Biology and Features

The widespread presence of Wolbachia is thought to be due to its efficient trans-
mission and its capacity to manipulate host reproduction to favor infected females.
Wolbachia bacteria are indeed able to colonize female germline cells, through which
they are transovarially transmitted to the progeny.Wolbachia interspecific horizontal
transmission was initially described as a rare phenomenon (O’Neill et al. 1992;
Rousset et al. 1992; Turelli et al. 2018; Werren et al. 1995), but studies are
increasingly showing that, in a variety of insect species, Wolbachia genes have
been horizontally transferred to host chromosomes (Aikawa et al. 2009; Dunning
Hotopp et al. 2007; Fenn et al. 2006; Klasson et al. 2009; Kondo et al. 2002; Nikoh
and Nakabachi 2009; Nikoh et al. 2008; Woolfit et al. 2009).

In different arthropod hosts, Wolbachia infection is responsible for several
mechanisms that enhance female fertility. These reproductive alterations induce
different host phenotypes such as cytoplasmic incompatibility, the feminization of
genetically male offspring, male-killing of infected males, and parthenogenesis by
infected females (Harris and Braig 2003; Stouthamer et al. 1999; Tram et al. 2003).

Cytoplasmic Incompatibility (CI), the most prevalent and most widely investi-
gated phenomenon, was first observed in the 1970s (Yen and Barr 1973) and results
in embryonic mortality in the progeny derived from matings between insects with
different Wolbachia infection status (Bourtzis et al. 1998; Clark et al. 2003).
Unidirectional CI occurs when an infected male mates with an uninfected female;
whereas the reciprocal crossing is compatible. Bidirectional CI occurs in crossings
between individuals infected with different Wolbachia strains (Werren 1997).
Embryo lethality has been related to the modifications induced by Wolbachia to
the paternal chromosomes during spermatogenesis in a way that mitotic synchrony is
lost (O’Neill and Karr 1990; Tram and Sullivan 2002). The genetic basis of CI
remained unknown for a long time, and only recently LePage and colleagues
identified two genes in the eukaryotic association module of prophage WO
(Bordenstein and Bordenstein 2016) from Wolbachia strain wMel that acts as CI
factors (Beckmann et al. 2017; LePage et al. 2017). These studies revealed that the
mitotic defect is due to a deubiquitinating enzyme encoded by one of the two genes
(i.e. CidB/CifB) and neutralized by the CidA/CifA product.

In different species, Wolbachia has also been proposed to play a key role in sex
determination by enhancing female germline development (Cordaux and Gilbert
2017; Kageyama et al. 2017; Kageyama and Traut 2004; Sugimoto et al. 2015). For
example, in the parasitoid wasp Asobara tabida, Wolbachia is essential for oogen-
esis as its elimination induces apoptosis in the ovaries thus impeding egg maturation
(Dedeine et al. 2001; Pannebakker et al. 2007). The role ofWolbachia in supporting
female germline development in Drosophila melanogaster began to be clarified
when females carrying mutant alleles of the master gene in female sex determination,
sex-lethal, rescued their fertility when infected with Wolbachia (Starr and Cline
2002). Following these findings, more recent work showed that Wolbachia interacts
with RNAs encoding proteins involved in the support of germline stem cell main-
tenance and oocyte polarization (Ote and Yamamoto 2020). These data further
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support the idea that this bacterium is a genetic manipulator of the infected arthropod
hosts (Kozek and Rao 2007).

Wolbachia-mediated manipulations were shown in recent work to affect several
other reproduction-related functions. For example, in Drosophila,Wolbachia affects
gene transcription in larval testes (Zheng et al. 2011) as well as the expression of
seminal fluid proteins (Yuan et al. 2015). Moreover, Wolbachia was shown to
impact the expression of immunity genes in a parasitoid wasp (Kremer et al.
2012). The functions Wolbachia exerts in mosquitoes are achieved through manip-
ulations of host microRNAs and the production of small RNAs regulating host gene
expression (Hussain et al. 2011; Mayoral et al. 2014).

Recent studies expanded knowledge on other effects exerted byWolbachia on the
behavior of its hosts. These include influences on sleep, learning, memory, feeding,
mating, locomotion, and aggression [for a review see (Bi and Wang 2019)]. For
example, it has been suggested that Wolbachia is able to affect sleep in Drosophila
by interactions with the juvenile hormone/sex-determination genes/dopamine path-
way. In particular, this bacterium appears to contribute to increased sleep time in
order to favor the conservation of resources and energies to support reproductive
outputs, thus supporting both the host and its transmission and indicating that the
coevolution between Wolbachia and its hosts is even more multifaced than so far
discovered (Bi and Wang 2019).

19.4.3 Localization in Insect Tissues

Wolbachia primarily resides in the germline tissues of both male and female insects
(Dobson et al. 1999); in males, this bacterium is found in the spermatocytes but there
is no transmission through the sperm (Bressac and Rousset 1993; Clark et al. 2002;
Ijichi et al. 2002). In addition, since its early detection, this bacterium was described
to be present also in somatic tissues [(Dobson et al. 1999; Hertig and Wolbach 1924)
also see (Pietri et al. 2016) for a review].

In the germline tissue, some Wolbachia strains localize at the posterior end of
mature oocytes (Ote and Yamamoto 2020) thanks to the presence of RNAs and
proteins transported from the nurse cells along microtubules to form a pole plasm
(Serbus and Sullivan 2007). Pole cells, together with somatic gonadal cells, form the
embryonic gonads, becoming primordial germ cells. During the development of the
female pupa, the primordial germ cells initiate their divisions resulting in the germ
cell lineage in the ovaries of adult females.Wolbachia is found in the germline stem
cells, which are localized at the anterior end of each ovariole within the ovaries (Ote
et al. 2016; Serbus et al. 2008). In particular, Wolbachia tends to be located close to
processing bodies in the cytoplasm of these cells that supply maternal factors to the
oocyte (Ferree et al. 2005; Franks and Lykke-Andersen 2008; Ote et al. 2016; Serbus
et al. 2011), resulting in an association that takes place from oogenesis to embryo-
genesis. In particular, Wolbachia produces a protein able to interact with RNAs
encoding proteins that are involved in the support of germline stem cells and oocyte
polarization (Ote and Yamamoto 2020).
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As far as it concerns Wolbachia distribution in somatic tissues, this bacterium is
known to be particularly abundant in the nervous system in Drosophila and several
other insect species (Albertson et al. 2013; Casper-Lindley et al. 2011; Dobson et al.
1999; Mitsuhashi et al. 2002; Moreira et al. 2009; Osborne et al. 2009; Strunov and
Kiseleva 2016), as well as in the fat body, gut, salivary glands, hemocytes, and
Malphighian tubules, where it has been suggested to play roles related to the host
immunity and metabolic regulation (see (Pietri et al. 2016) for a review). The age of
the host also impactsWolbachia infection levels and tropism, further suggesting that
the physiological relationships between Wolbachia and its hosts are extremely
complex and require a case-to-case analysis (Binnington and Hoffmann 1989;
Bressac and Rousset 1993; Min and Benzer 1997).

19.4.4 Wolbachia in Glossina spp.

Early hybridization experiments conducted between different species belonging to
the Glossina genus suggested the presence of incompatibilities resulting in females
with reduced fecundity and sterile males. Both bidirectional and unidirectional
incompatibility events were reported ((Curtis 1972; Rawlings 1985; Vanderplank
1948) see also (Gooding 1985, 1987, 1989, 1990) for a review). These data, together
with light and electron microscopy studies showing gram-negative rods in tsetse
ovaries and in the periphery of the yolk of early embryos (Huebner and Davey 1974;
Pell and Southern 1975; Pinnock and Hess 1974) and 16s rRNA sequence analyses
(Beard et al. 1993), prompted researchers to further investigate the identity of these
bacteria. The exploration of 16S rRNA phylogenetic relationships and tissue distri-
bution in tsetse resulted in the identification of Wolbachia in laboratory strains of
Glossina species in 1993 (O’Neill et al. 1993). Initially, Wolbachia was detected in
G. m. morsitans and G. m. centralis, while it was found to be absent in G. p. palpalis
and G. p. gambiensis, supporting some of the reported events of reproductive
incompatibilities in the genus (O’Neill et al. 1993).

19.4.5 Tissue Localization in Tsetse Tissues

The tissue tropism of Wolbachia to the ovarian tissues suggested that transovarial
transmission is the primary mode of transmission for this bacterium (O’Neill et al.
1993), which supports previous studies (Pell and Southern 1975). Subsequent work
onG. m. morsitans laboratory flies confirmedWolbachia’s absence in the milk gland
secretions, as well as any other somatic tissues surrounding the uterus, further
supporting its transovarial transmission (Balmand et al., 2013). Wolbachia was not
detected extracellularly, and it was shown to infect only the trophocytes and the
oocytes in the ovaries, as well as embryos and larvae (Cheng et al. 2000; Balmand
et al. 2013).
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However, while in certain tsetse species Wolbachia appeared to be restricted to
the reproductive tissues, in G. austeni, this bacterium was detected also in somatic
tissues, in particular the head, salivary glands, milk glands, and fat body (Cheng
et al. 2000). These findings stimulate novel studies aimed at understanding whether
these differences are due to features of different Wolbachia strains infecting the
different tsetse species or to insect-specific factors, such as immunity-regulatory
mechanisms, controlling the infections. The application of a particularly effective
hybridization approach (i.e. high-end Stellaris® RNA-FISH) surprisingly revealed
that Wolbachia is also present in the lumen and secretory cells of the milk glands in
G. m. morsitans (Schneider et al. 2018). This result opens up new pathways of
investigation of a potentially yet undiscovered vertical transmission mechanism for
this bacterium.

19.4.6 Wolbachia Role in Tsetse Physiology

Earlier studies described the existence of bidirectional CI between certain
G. morsitans subspecies and between G. palpalis subspecies, while unidirectional
CI has been described only in crossings of certain G. morsitans subspecies (Cheng
et al. 2000).

The first study showing the functional role of Wolbachia in tsetse reared in the
laboratory was performed by Alam and colleagues, who showed that the infection of
this bacterium is able to support the expression of cytoplasmic incompatibility
(Alam et al. 2011). The females expressing CI displayed loss of fecundity due to
early embryogenic failure. Currently, there is no way to selectively cure Wolbachia
infection through antibiotic administration. Aposymbiotic flies lack all endosymbi-
onts, including obligate bacteria responsible for obligate nutritional dialogues, in the
absence of which tsetse flies are sterile. Alam and coauthors set up a method to
maintainWolbachia-cured G. m. morsitans (symbiont-free, GmmApo) fertile through
dietary provisioning of blood meals supplemented with tetracycline and yeast
extract, thus rescuing tsetse fecundity, which is tightly dependent on
Wigglesworthia. Moreover, cytoplasmic incompatibility in tsetse is particularly
strong, differently from many other species that are characterized by incomplete
CI (Sinkins and Gould 2006).

Whether Wolbachia plays a role in trypanosome infection is still under debate.
Alam and colleagues reported the presence of a negative association between
Wolbachia and trypanosome infections in G. f. fuscipes, suggesting that this bacte-
rium could prevent trypanosome infections (Alam et al. 2012). However, the
tripartite association between tsetse, trypanosomes, andWolbachia remains unclear.
In G. p. palpalis, Wolbachia infection appeared to have no impact on the establish-
ment of trypanosomes (Kante et al. 2018). This is similar to what was found in
G. tachinoides and G. m. submorsitans (Kame-Ngasse et al. 2018). To shed light on
this relevant biological aspect, more extensive data on trypanosome and Wolbachia
infections, as well as the other symbionts, in different tsetse species and populations
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are required. Moreover, the potential relationships between specific Wolbachia
haplotypes and trypanosome infections will be essential to determine the presence
and features of this dialogue.

19.4.7 Wolbachia Distribution in Tsetse Strains
and Populations

Since its discovery, a number of studies have focused on expanding the analysis of
the distribution of Wolbachia in tsetse species, in both laboratory strains and wild
samples. The first extensive work aimed at understanding the presence and infection
rates of Wolbachia in tsetse was performed by Cheng and colleagues, who analyzed
the status of Wolbachia infections in laboratory colonies of G. brevipalpis and
G. longipinnis (Fusca group), G. fuscipes, G. tachinoides, G. p. palpalis, and G. p.
gambiensis (Palpalis group), as well as G. m. morsitans, G. m. centralis,
G. swynnertoni, and G. pallidipes (Morsitans group) (Cheng et al. 2000). All
individuals analyzed from the Morsitans and Fusca groups were positive for
Wolbachia infection, while none of the flies belonging to the Palpalis group harbored
Wolbachia, mirroring earlier findings (O’Neill et al. 1993). A 100% prevalence in
laboratory strains was confirmed by a more recent study for G. m. morsitans and
G. m. centralis. Similarly, the absence of Wolbachia was confirmed in laboratory
strains of G. f. fuscipes and G. tachinoides, whereas in G. pallidipes, different
colonies displayed different prevalences of Wolbachia ranging from the absence
(Seibersdorf lab-colony) to low prevalence (KARI-TRC lab-colony, 3%)
(Doudoumis et al. 2012). Also in this study, flies from G. p. palpalis and G. p.
gambiensis laboratory colonies showed the absence of Wolbachia infection. Differ-
ences were reported for G. brevipalpis, where prevalence was not complete (41.2%)
(Doudoumis et al. 2012).

Significant differences in Wolbachia infection frequencies are found between
field populations and laboratory strains. In addition, differences are observed within
wild populations, which may be dependent on ecological conditions (Mouton et al.
2007; Yun et al. 2011). For example, in the case of G. m. morsitans, the Wolbachia
presence in wild populations ranges from 9.5 to 100% (Doudoumis et al. 2012). In
G. brevipalpis sampled in South AfricaWolbachia appears absent, while, in Kenyan
flies, infection levels are reported to be about 30% (Cheng et al. 2000). InG. austeni,
infection rates ranged from 48 to 98%, in Kenya and South Africa, respectively
(Cheng et al. 2000). More recent work also detected variations in Wolbachia
prevalence in G. austeni samples in these two countries, but with the Kenyan
population showing higher infection levels (Wamwiri et al. 2013). Low Wolbachia
prevalence was detected in populations of G. pallidipes (below 8.5%) and in
G. gambiensis (below 8.3%), and the absence of Wolbachia infection in G. p.
palpalis and G. f. fuscipes populations was confirmed (Doudoumis et al. 2012).
Alam and colleagues conversely showed the presence of Wolbachia infections in
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G. f. fuscipes from Uganda, although at low density, which may have influenced its
detection in previous studies (Alam et al. 2012). A similar result was obtained by
Schneider and colleagues, who used sensitive PCR-based methods that allowed the
identification of Wolbachia in G. f. fuscipes (Schneider et al. 2013, 2018). Recent
studies identified Wolbachia also in G. p. palpalis (Kante et al. 2018), as well as in
G. tachinoides (68.1% prevalence) and in G. m. submorsitans (58.5%) (Kame-
Ngasse et al. 2018), further supporting the idea that the choices of molecular markers
and detection methods play a key role in the sensitivity of determining the infection
rates of Wolbachia. Indeed, when present at low titers, Wolbachia infections can be
detected only through the integration of different tools, such as high-sensitivity blot-
PCR combined with hybridizations (Schneider et al. 2018).

Finally, in G. f. quanzensis (Palpalis group) from Congo, the analysis of midguts
revealed that 85% of the analyzed samples were infected by Wolbachia, with
infection rates varying according to sampling sites (Simo et al. 2019). Moreover, a
low number of midguts were naturally coinfected by both Wolbachia and Sodalis,
opening new questions on the potential interactions between these two tsetse
symbionts.

19.4.8 Wolbachia Integrations in Tsetse Genomes

The genome of G. m. morsitans contains large segments of Wolbachia that were
integrated via horizontal gene transfer (HGT) events. These integrated fragments
contain a high degree of nucleotide polymorphisms, as well as insertions and
deletions (Brelsfoard et al. 2014).

Subsequent comparative analysis of the genomes of six Glossina species, namely
G. morsitans morsitans, G. pallidipes, G. austeni (Morsitans group), G. palpalis and
G. fuscipes (Palpalis group), and G. brevipalpis (Fusca group), showed that all
contain sequences with homology to Wolbachia, although the features of these
integrations are different. Indeed, in G. pallidipes, G. fuscipes, G. palpalis, and
G. brevipalpis, the homologous sequences consisted in short fragments and they
were initially thought to be artifacts as PCR assays with Wolbachia-specific primers
on these strains as well as on wild populations of these species resulted in negative
results (Doudoumis et al. 2013). However, recent studies suggest that natural G. p.
palpalis populations from Cameroon do carry Wolbachia symbionts (Kante et al.
2018).

However, G. austeni contains more extensive Wolbachia-derived chromosomal
integrations. Both chromosomal and cytoplasmic Wolbachia sequences found in
G. austeni were mapped against the reference Wolbachia genomes (i.e. wMel and
wGmm), as well as the A and B chromosomal insertions found in G. m. morsitans
(Attardo et al. 2019). The Wolbachia insertions in G. austeni range in size from
500 to 95,673 bps and display high-sequence homology not only to wMel and
wGmm, but also to G. m. morsitans A and B insertions. The higher homology
(98%) with A and B insertions from G. m. morsitans relative to cytoplasmic
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Wolbachia sequences suggests they could be derived from an event in a common
ancestor, although the absence of comparable insertions in G. pallidipes (a closer
relative to G. m. morsitans) requires further investigations on wild samples from
Glossina species/subspecies to clarify the true origin of these events.

Whether these Wolbachia chromosomal integrations have functional roles in
Glossina biology is still elusive. Indeed, gene expression analyses of Wolbachia
insertions in G. morsitans found very limited evidence of expression (Brelsfoard
et al. 2014), suggesting they may be accidental transfer events associated with the
long-term symbiosis between Wolbachia and these tsetse species. However, since
Wolbachia integrations in tsetse chromosomes include genes encoding proteins
carrying ankyrin repeat domains, thought to be directly related to Wolbachia-host
interactions, further research is required to determine their potential involvement in
CI (Duron et al. 2007; Iturbe-Ormaetxe et al. 2005; Tram and Sullivan 2002).

19.4.9 Wolbachia Diversity

Wolbachia displays a high level of diversity in arthropods and nematodes and it
currently comprises 17 phylogenetic clades (or supergroups), named from A to Q
(Baldo et al. 2006; Bordenstein and Rosengaus 2005; Bordenstein et al. 2009;
Casiraghi et al. 2005; Glowska et al. 2015; Gorham et al. 2003; Lo et al. 2002;
Paraskevopoulos et al. 2006; Ros et al. 2009; Rowley et al. 2004). Each supergroup
collects strains, most frequently named after their host species (e.g. wPip in Culex
pipiens, wGff in G. f. fuscipes). The most common strategy adopted for strain
genotyping relies on multilocus sequence typing (MLST), which includes the
sequences of the five conserved genes fbpA, coxA, ftsZ, gatB, coxA, and hcpA and
the amino acid sequences of the four hypervariable regions of the WSP protein
(Baldo et al. 2006). The diversity displayed in this genus is visible at different levels,
including the presence of variants within the same individual host, variation among
Wolbachia sequences sampled from different individuals belonging to the same
species, as well as the molecular changes occurring in the sameWolbachia infection
in the case of transfer to different host species (i.e. in the case of horizontal gene
transfer) (Hoffmann et al. 2015). In the case of Glossina, Wolbachia identified in
tsetse species has been regarded to belong to the supergroup A, as determined based
on theWolbachia surface protein (wsp) gene (Cheng et al. 2000; Zhou et al. 1998). A
recent study investigatedWolbachia genetic variability inG. f. fuscipes from Uganda
(Symula et al. 2013). Two Wolbachia lineages were identified, suggesting the
presence of superinfection in this species, and a high diversity within and between
individuals. These data suggest that different Wolbachia strains infected this tsetse
species multiple times independently.
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19.4.10 Wolbachia as a Tool for Vector Population Control

Wolbachia has been proposed as a tool for controlling insect disease vectors and
agricultural pests through multiple approaches, which are not mutually exclusive.
These methods include the release of (1) Wolbachia-infected males that are incom-
patible with females by exploiting cytoplasmic incompatibility phenotypes
(O’Connor et al. 2012), (2) Wolbachia strains able to induce deleterious fitness
effects, in particular under seasonally variable environments (Rasić et al. 2014), and
(3)Wolbachia strains interfering with pathogen transmission and thus decreasing the
ability of vectors to transmit diseases (Kambris et al. 2009; Moreira et al. 2009;
Teixeira et al. 2008; Walker et al. 2011). The capacity of rapidly invading insect
populations that drive maternally inherited elements into wild insects has made
Wolbachia a promising tool for inducing genetic manipulations of detrimental
species (Beard et al. 1993; Sinkins et al. 1997). The data obtained by Alam and
colleagues about CI in tsetse were incorporated into a mathematical model and
suggest that Wolbachia has the potential for use as a gene-drive mechanism. This
could be used to introduce desirable phenotypes, such as resistance to trypanosome
infection, into wild Glossina populations (Alam et al. 2011).

The exploitation of Wolbachia-induced CI was proposed for use in the reduction
of population sizes of several insect disease vectors and agricultural pests
(Apostolaki et al. 2011; Bourtzis 2008; Stouthamer et al. 1999; Xi et al. 2005;
Zabalou et al. 2009). Moreover,Wolbachia is able to protect their hosts against viral
pathogens (Cook and McGraw 2010). The initial characterization of this phenome-
non was performed in Drosophila (Hedges et al. 2008; Osborne et al. 2009; Teixeira
et al. 2008) and mosquitoes (Bian et al. 2010; Glaser and Meola 2010; Moreira et al.
2009). More recent work demonstrates that wAlbB infection in the C6/36 Ae.
albopictus cell line resulted in reduced titers of several Flaviviruses and
Alphaviruses, suggesting a role of Wolbachia in reducing transmission of patho-
genic RNA viruses (Ekwudu et al. 2020). Moreover, a triple-infected Ae. albopictus
line carrying, in addition to the two natural symbiotic strains wAlbA and wAlbB, the
wAu from D. simulans, showed complete resistance to Zika and dengue infections,
with moderate fitness costs (Mancini et al. 2020). Pathogen-blocking function has
been associated with the upregulation of antimicrobial peptides (e.g. DEFC, defensin
c) (Caragata et al. 2019; Pan et al. 2018; Pan et al. 2012).

In the case of tsetse species, as mentioned above, contrasting results have been
obtained. In wild populations of G. f. fuscipes, the presence of Wolbachia has been
suggested to be able to prevent trypanosome infection (Alam et al. 2012), while in
G. p. palpalis, G. tachinoides, and G. m. submorsitans, Wolbachia seems not to
impact establishment of trypanosome infection (Kame-Ngasse et al. 2018; Kante
et al. 2018). Further studies are thus necessary to understand whether Wolbachia
may be used in Incompatible Insect Technique (IIT)-based approaches for popula-
tion control. This strategy is based on the release of Wolbachia-infected males that
both induce CI when mated with Wolbachia-free wild females and refractoriness to
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trypanosome infection and transmission. This concept is similar to strategies recently
designed for mosquitoes (Bourtzis et al. 2016; Zhang et al. 2015a, b, 2016).

19.4.11 Summary

TheWolbachia symbiont is present predominantly in tsetse gonadal tissues, and it is
transovarially transmitted from females to their progeny. An increasing number of
studies now show that this bacterium can colonize also somatic tissues, with still
unclarified functions. Horizontal transfer events have been detected in G. m.
morsitans and G. austeni, but whether these integrated sequences play functional
roles in tsetse biology is still unclear.Wolbachia induces strong cytoplasmic incom-
patibility in tsetse, supporting the idea that it may be exploited as a tool to control
tsetse populations in the field.

19.5 Spiroplasma

The innovation of high-throughput 16S ribosomal RNA sequencing has allowed for
deeper exploration of the microbiome of Glossina species. These studies have
identified many other bacterial species in Glossina from laboratory colonies and
from the field. From these analyses, bacteria from the Genus Spiroplasma were
found in field-caught and lab colonies ofGlossina f. fuscipes andG. tachinoides. The
recent analysis of the genomes of six Glossina species also revealed evidence for a
significant relationship between Spiroplasma and G. f. fuscipes. Analysis of the
genomic scaffolds from this species revealed the presence of Spiroplasma genomic
sequences. None of these sequences appear to be the result of a genomic integration
and are likely derived from free-living Spiroplasma present in the flies used for
sequencing (Attardo et al. 2019). Developmental stage and tissue specificity ana-
lyses revealed the Spiroplasma infections to be highest in the larval gut and male
reproductive tissues. In addition, the analysis of flies from a collapsing colony of
G. f. fuscipes showed that levels of Spiroplasma were higher in surviving flies versus
recently deceased flies (Doudoumis et al. 2017). Another study found that
Trypanosoma infection in field-collected G. f. fuscipes is negatively correlated
with Spiroplasma coinfection. This finding was also demonstrated in the laboratory
by comparing experimental infection rates between Spiroplasma infected and
uninfected G. f. fuscipes (Schneider et al. 2019).

Spiroplasma species are found to be living in many insect and invertebrate
species with relationships ranging from pathological to beneficial. Pathogenic
Spiroplasma infections leading to death have been observed in aquatic invertebrates,
such as shrimps and crabs (Nunan et al. 2005; Wang et al. 2004). In some Drosoph-
ila melanogaster, infection with Spiroplasma results in reproductive manipulation in
the form of a male-killing phenotype (Montenegro et al. 2005; Paredes et al. 2015).
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However, Spiroplasma infections inDrosophila can also protect against infection by
the parasitic nematode Howardula aoronymphium. The nematode infection results
in loss of fecundity in female Drosophila. However, the coinfection of females with
Spiroplasma results in the restoration of fecundity and inhibition of nematode
development (Haselkorn et al. 2013; Jaenike et al. 2010). The early observations
of the relationship between Spiroplasma and Glossina suggest that this relationship
is beneficial in terms of its ability to extend lifespan and reduce the vectorial capacity
for Trypanosoma. However, relative to the other Glossina symbionts, little is known
about the details of the interactions between these two species and more work will be
required to develop a more comprehensive understanding of this relationship.

19.6 Conclusions

The role bacteria play in the biology of tsetse flies spans the gamut, ranging from
parasitic to obligate mutualists. This system is also unique in that the microbiome of
species within Glossina is limited relative to other insects. This is primarily due to
their restricted diet and the protected nature of intrauterine larval development.
These limitations simplify the system and provide opportunities to study microbe-
host interactions in a way that is impossible in insects with more diverse
microbiomes. The relationship between Wigglesworthia and Glossina is ancient
and provides a clear example of obligate symbiosis. It also demonstrates the evolu-
tionary mechanisms and biology behind how an organism can evolve to survive and
thrive on a nutrient-rich yet limited diet. The commensal yet nonessential relation-
ship between Sodalis/Glossina provides a snapshot of two organisms in the early or
intermediate stages of a symbiotic relationship and can provide insights as to the
adaptations made by both parties to establish a harmonious relationship. In addition,
the ability to culture and manipulate Sodalis provides opportunities to take advan-
tage of this relationship for purposes of controlling trypanosome transmission by
Glossina. The nature of the relationship between Glossina and Wolbachia is more
complex and shows aspects of parasitism and manipulation byWolbachia similar to
that observed in other insects. However, a deeper understanding of the protective
nature of Wolbachia infections against viral infections in other insects and the
inherent reproductive manipulations driving the spread of these infections may
provide opportunities to utilize this relationship to reduce Glossina vectorial capac-
ity. The implementation of new technologies such as high-throughput
metagenomics, advanced microbial imaging, and novel in vitro culture techniques
has opened opportunities to investigate these well-studied relationships in more
depth. They also provide the ability to identify previously undescribed microbial
interactions that were overshadowed by the dominant microbial fauna. Analysis of
the diversity of these lesser-explored interactions could provide valuable insights
into the ecology, population dynamics, and biology of this unique system.

19 Bacterial Symbionts of Tsetse Flies: Relationships and Functional Interactions. . . 523



References

Aikawa T, Anbutsu H, Nikoh N, Kikuchi T, Shibata F, Fukatsu T (2009) Longicorn beetle that
vectors pinewood nematode carries many Wolbachia genes on an autosome. Proc Biol Sci
276:3791–3798. https://doi.org/10.1098/rspb.2009.1022

Akman L, Rio RV, Beard CB, Aksoy S (2001) Genome size determination and coding capacity of
Sodalis glossinidius, an enteric symbiont of tsetse flies, as revealed by hybridization to
Escherichia coli gene arrays. J Bacteriol 183:4517–4525. https://doi.org/10.1128/JB.183.15.
4517-4525.2001

Akman L, Yamashita A, Watanabe H, Oshima K, Shiba T, Hattori M, Aksoy S (2002) Genome
sequence of the endocellular obligate symbiont of tsetse flies, Wigglesworthia glossinidia. Nat
Genet 32:402–407. https://doi.org/10.1038/ng986

Aksoy S (1995)Wigglesworthia gen. nov. andWigglesworthia glossinidia sp. nov., taxa consisting
of the mycetocyte-associated, primary endosymbionts of tsetse flies. Int J Syst Bacteriol
45:848–851. https://doi.org/10.1099/00207713-45-4-848

Aksoy S, Pourhosseini AA, Chow A (1995) Mycetome endosymbionts of tsetse flies constitute a
distinct lineage related to Enterobacteriaceae. Insect Mol Biol 4:15–22

Aksoy S, Chen X, Hypsa V (1997) Phylogeny and potential transmission routes of midgut-
associated endosymbionts of tsetse (Diptera: Glossinidae). Insect Mol Biol 6:183–190

Aksoy E et al (2014) Analysis of multiple tsetse fly populations in Uganda reveals limited diversity
and species-specific gut microbiota. Appl Environ Microbiol 80:4301–4312. https://doi.org/10.
1128/AEM.00079-14

Alam U et al (2011) Wolbachia symbiont infections induce strong cytoplasmic incompatibility in
the tsetse fly Glossina morsitans. PLoS Pathog 7:e1002415. https://doi.org/10.1371/journal.
ppat.1002415

Alam U et al (2012) Implications of microfauna-host interactions for trypanosome transmission
dynamics in Glossina fuscipes fuscipes in Uganda. Appl Environ Microbiol 78:4627–4637.
https://doi.org/10.1128/AEM.00806-12

Albertson R, Tan V, Leads RR, Reyes M, Sullivan W, Casper-Lindley C (2013) Mapping
Wolbachia distributions in the adult Drosophila brain. Cell Microbiol 15:1527–1544. https://
doi.org/10.1111/cmi.12136

Anselme C, Vallier A, Balmand S, Fauvarque MO, Heddi A (2006) Host PGRP gene expression
and bacterial release in endosymbiosis of the weevil Sitophilus zeamais. Appl Environ
Microbiol 72:6766–6772. https://doi.org/10.1128/AEM.00942-06

Apostolaki A, Livadaras I, Saridaki A, Chrysargyris A, Savakis C, Bourtzis K (2011)
Transinfection of the olive fruit fly Bactrocera oleae with Wolbachia: towards a symbiont-
based population control strategy. J Appl Entomol 135:546–553. https://doi.org/10.1111/j.
1439-0418.2011.01614.x

Attardo GM, Lohs C, Heddi A, Alam UH, Yildirim S, Aksoy S (2008) Analysis of milk gland
structure and function in Glossina morsitans: milk protein production, symbiont populations
and fecundity. J Insect Physiol 54:1236–1242. https://doi.org/10.1016/j.jinsphys.2008.06.008

Attardo GM et al (2019) Comparative genomic analysis of six Glossina genomes, vectors of
African trypanosomes. Genome Biol 20:187. https://doi.org/10.1186/s13059-019-1768-2

Baldo L et al (2006) Multilocus sequence typing system for the endosymbiontWolbachia pipientis.
Appl Environ Microbiol 72:7098–7110. https://doi.org/10.1128/AEM.00731-06

Balmand S, Lohs C, Aksoy S, Heddi A (2013) Tissue distribution and transmission routes for the
tsetse fly endosymbionts. J Invertebr Pathol 112. Suppl:S116–S122. https://doi.org/10.1016/j.
jip.2012.04.002

Beard CB, O’Neill SL, Tesh RB, Richards FF, Aksoy S (1993) Modification of arthropod vector
competence via symbiotic bacteria. Parasitol Today 9:179–183. https://doi.org/10.1016/0169-
4758(93)90142-3

524 G. M. Attardo et al.

https://doi.org/10.1098/rspb.2009.1022
https://doi.org/10.1128/JB.183.15.4517-4525.2001
https://doi.org/10.1128/JB.183.15.4517-4525.2001
https://doi.org/10.1038/ng986
https://doi.org/10.1099/00207713-45-4-848
https://doi.org/10.1128/AEM.00079-14
https://doi.org/10.1128/AEM.00079-14
https://doi.org/10.1371/journal.ppat.1002415
https://doi.org/10.1371/journal.ppat.1002415
https://doi.org/10.1128/AEM.00806-12
https://doi.org/10.1111/cmi.12136
https://doi.org/10.1111/cmi.12136
https://doi.org/10.1128/AEM.00942-06
https://doi.org/10.1111/j.1439-0418.2011.01614.x
https://doi.org/10.1111/j.1439-0418.2011.01614.x
https://doi.org/10.1016/j.jinsphys.2008.06.008
https://doi.org/10.1186/s13059-019-1768-2
https://doi.org/10.1128/AEM.00731-06
https://doi.org/10.1016/j.jip.2012.04.002
https://doi.org/10.1016/j.jip.2012.04.002
https://doi.org/10.1016/0169-4758(93)90142-3
https://doi.org/10.1016/0169-4758(93)90142-3


Beard CB, Dotson EM, Pennington PM, Eichler S, Cordon-Rosales C, Durvasula RV (2001)
Bacterial symbiosis and paratransgenic control of vector-borne Chagas disease. Int J Parasitol
31:621–627. https://doi.org/10.1016/s0020-7519(01)00165-5

Beard CB, Cordon-Rosales C, Durvasula RV (2002) Bacterial symbionts of the triatominae and
their potential use in control of Chagas disease transmission. Annu Rev Entomol 47:123–141.
https://doi.org/10.1146/annurev.ento.47.091201.145144

Beckmann JF, Ronau JA, Hochstrasser M (2017) A Wolbachia deubiquitylating enzyme induces
cytoplasmic incompatibility. Nat Microbiol 2:17007. https://doi.org/10.1038/nmicrobiol.2017.7

Belda E, Moya A, Bentley S, Silva FJ (2010) Mobile genetic element proliferation and gene
inactivation impact over the genome structure and metabolic capabilities of Sodalis glossinidius,
the secondary endosymbiont of tsetse flies. BMC Genomics 11:449. https://doi.org/10.1186/
1471-2164-11-449

Bennett GM, Moran NA (2013) Small, smaller, smallest: the origins and evolution of ancient dual
symbioses in a Phloem-feeding insect. Genome Biol Evol 5:1675–1688. https://doi.org/10.
1093/gbe/evt118

Benoit JB et al (2017) Symbiont-induced odorant binding proteins mediate insect host hematopoi-
esis. Elife 6. https://doi.org/10.7554/eLife.19535

Bi J, Wang YF (2019) The effect of the endosymbiont Wolbachia on the behavior of insect hosts.
Insect Sci. https://doi.org/10.1111/1744-7917.12731

Bian G, Xu Y, Lu P, Xie Y, Xi Z (2010) The endosymbiotic bacterium Wolbachia induces
resistance to dengue virus in Aedes aegypti. PLoS Pathog 6:e1000833. https://doi.org/10.
1371/journal.ppat.1000833

Bing X et al (2017) Unravelling the relationship between the tsetse fly and its obligate symbiont
Wigglesworthia: transcriptomic and metabolomic landscapes reveal highly integrated physio-
logical networks. Proc Biol Sci 284. https://doi.org/10.1098/rspb.2017.0360

Binnington K, Hoffmann A (1989) Wolbachia-like organisms and cytoplasmic incompatibility in
Drosophila simulans. J Invertebr Pathol 54:344–352

Bordenstein SR, Bordenstein SR (2016) Eukaryotic association module in phage WO genomes
from Wolbachia. Nat Commun 7:13155. https://doi.org/10.1038/ncomms13155

Bordenstein S, Rosengaus RB (2005) Discovery of a novelWolbachia super group in Isoptera. Curr
Microbiol 51:393–398. https://doi.org/10.1007/s00284-005-0084-0

Bordenstein SR et al (2009) Parasitism and mutualism in Wolbachia: what the phylogenomic trees
can and cannot say. Mol Biol Evol 26:231–241. https://doi.org/10.1093/molbev/msn243

Bourtzis K (2008) Wolbachia-based technologies for insect pest population control. In: Aksoy S
(ed) Transgenesis and the management of vector-borne disease. Springer, New York, NY, pp
104–113. https://doi.org/10.1007/978-0-387-78225-6_9

Bourtzis K, Dobson SL, Braig HR, O’Neill SL (1998) Rescuing Wolbachia have been overlooked.
Nature 391:852–853. https://doi.org/10.1038/36017

Bourtzis K, Lees RS, Hendrichs J, VreysenMJ (2016) More than one rabbit out of the hat: radiation,
transgenic and symbiont-based approaches for sustainable management of mosquito and tsetse
fly populations. Acta Trop 157:115–130. https://doi.org/10.1016/j.actatropica.2016.01.009

Brelsfoard C et al (2014) Wolbachia symbiont genome sequence and extensive chromosomal
insertions present in the host Glossina morsitans morsitans genome. PLoS Negl Trop Dis 8:
e2728. https://doi.org/10.1371/journal.pntd.0002728

Bressac C, Rousset F (1993) The reproductive incompatibility system in Drosophila simulans:
DAPI-staining analysis of the Wolbachia symbionts in sperm cysts. J Invertebr Pathol
61:226–230. https://doi.org/10.1006/jipa.1993.1044

Buchner P (1965) Endosymbiosis of animals with plant microorganisms. Interscience Publishers,
New York

Bulgheresi S, Schabussova I, Chen T, Mullin NP, Maizels RM, Ott JA (2006) A new C-type lectin
similar to the human immunoreceptor DC-SIGN mediates symbiont acquisition by a marine
nematode. Appl Environ Microbiol 72:2950–2956. https://doi.org/10.1128/AEM.72.4.2950-
2956.2006

19 Bacterial Symbionts of Tsetse Flies: Relationships and Functional Interactions. . . 525

https://doi.org/10.1016/s0020-7519(01)00165-5
https://doi.org/10.1146/annurev.ento.47.091201.145144
https://doi.org/10.1038/nmicrobiol.2017.7
https://doi.org/10.1186/1471-2164-11-449
https://doi.org/10.1186/1471-2164-11-449
https://doi.org/10.1093/gbe/evt118
https://doi.org/10.1093/gbe/evt118
https://doi.org/10.7554/eLife.19535
https://doi.org/10.1111/1744-7917.12731
https://doi.org/10.1371/journal.ppat.1000833
https://doi.org/10.1371/journal.ppat.1000833
https://doi.org/10.1098/rspb.2017.0360
https://doi.org/10.1038/ncomms13155
https://doi.org/10.1007/s00284-005-0084-0
https://doi.org/10.1093/molbev/msn243
https://doi.org/10.1007/978-0-387-78225-6_9
https://doi.org/10.1038/36017
https://doi.org/10.1016/j.actatropica.2016.01.009
https://doi.org/10.1371/journal.pntd.0002728
https://doi.org/10.1006/jipa.1993.1044
https://doi.org/10.1128/AEM.72.4.2950-2956.2006
https://doi.org/10.1128/AEM.72.4.2950-2956.2006


Bursell E (1960) Free amino-acids of the tsetse fly (Glossina). Nature 187:778–778
Bursell E (1963) Aspects of the metabolism of amino acids in the tsetse fly, Glossina (Diptera). J

Insect Physiol 9:439–452
Bursell E (1966) Aspects of flight metabolism of tsetse flies (Glossina). Comp Biochem Physiol

19:809–818
Buxton PA (1955) London school of hygiene and tropical medicine memoir 10: the natural history

of tsetse flies. H. K. Lewis, London
Caragata EP, Rocha MN, Pereira TN, Mansur SB, Dutra HLC, Moreira LA (2019) Pathogen

blocking in Wolbachia-infected Aedes aegypti is not affected by Zika and dengue virus
co-infection. PLoS Negl Trop Dis 13:e0007443. https://doi.org/10.1371/journal.pntd.0007443

Casiraghi M et al (2005) Phylogeny of Wolbachia pipientis based on gltA, groEL and ftsZ gene
sequences: clustering of arthropod and nematode symbionts in the F supergroup, and evidence
for further diversity in the Wolbachia tree. Microbiology 151:4015–4022. https://doi.org/10.
1099/mic.0.28313-0

Casper-Lindley C, Kimura S, Saxton DS, Essaw Y, Simpson I, Tan V, Sullivan W (2011) Rapid
fluorescence-based screening for Wolbachia endosymbionts in Drosophila germ line and
somatic tissues. Appl Environ Microbiol 77:4788–4794. https://doi.org/10.1128/AEM.
00215-11

Chang KP, Musgrave AJ (1973) Morphology, histochemistry, and ultrastructure of mycetome and
its rickettsial symbiotes in Cimex lectularius L. Can J Microbiol 19:1075–1081. https://doi.org/
10.1139/m73-171

Channumsin M, Ciosi M, Masiga D, Turner CMR, Mable BK (2018) Sodalis glossinidius presence
in wild tsetse is only associated with presence of trypanosomes in complex interactions with other
tsetse-specific factors. BMC Microbiol 18:163. https://doi.org/10.1186/s12866-018-1285-6

Chaston J, Goodrich-Blair H (2010) Common trends in mutualism revealed by model associations
between invertebrates and bacteria. FEMS Microbiol Rev 34:41–58. https://doi.org/10.1111/j.
1574-6976.2009.00193.x

Chen X, Li S, Aksoy S (1999) Concordant evolution of a symbiont with its host insect species:
molecular phylogeny of genus Glossina and its bacteriome-associated endosymbiont,
Wigglesworthia glossinidia. J Mol Evol 48:49–58. https://doi.org/10.1007/pl00006444

Cheng Q, Ruel TD, Zhou W, Moloo SK, Majiwa P, O’Neill SL, Aksoy S (2000) Tissue distribution
and prevalence of Wolbachia infections in tsetse flies, Glossina spp. Med Vet Entomol
14:44–50. https://doi.org/10.1046/j.1365-2915.2000.00202.x

Clark ME, Veneti Z, Bourtzis K, Karr TL (2002) The distribution and proliferation of the
intracellular bacteria Wolbachia during spermatogenesis in Drosophila. Mech Dev 111:3–15.
https://doi.org/10.1016/s0925-4773(01)00594-9

Clark ME, Veneti Z, Bourtzis K, Karr TL (2003) Wolbachia distribution and cytoplasmic incom-
patibility during sperm development: the cyst as the basic cellular unit of CI expression. Mech
Dev 120:185–198. https://doi.org/10.1016/s0925-4773(02)00424-0

Cook PE, McGraw EA (2010) Wolbachia pipientis: an expanding bag of tricks to explore for
disease control. Trends Parasitol 26:373–375. https://doi.org/10.1016/j.pt.2010.05.006

Cordaux R, Gilbert C (2017) Evolutionary significance of Wolbachia-to-animal horizontal gene
transfer: female sex determination and the f element in the isopod Armadillidium vulgare. Genes
8. https://doi.org/10.3390/genes8070186

Coutinho-Abreu IV, Zhu KY, Ramalho-Ortigao M (2010) Transgenesis and paratransgenesis to
control insect-borne diseases: current status and future challenges. Parasitol Int 59:1–8. https://
doi.org/10.1016/j.parint.2009.10.002

Curtis CF (1972) Sterility from crosses between sub-species of the tsetse fly Glossina morsitans.
Acta Trop 29:250–268

Dale C, Maudlin I (1999) Sodalis gen. nov. and Sodalis glossinidius sp. nov., a microaerophilic
secondary endosymbiont of the tsetse fly Glossina morsitans morsitans. Int J Syst Bacteriol 49
(Pt 1):267–275. https://doi.org/10.1099/00207713-49-1-267

526 G. M. Attardo et al.

https://doi.org/10.1371/journal.pntd.0007443
https://doi.org/10.1099/mic.0.28313-0
https://doi.org/10.1099/mic.0.28313-0
https://doi.org/10.1128/AEM.00215-11
https://doi.org/10.1128/AEM.00215-11
https://doi.org/10.1139/m73-171
https://doi.org/10.1139/m73-171
https://doi.org/10.1186/s12866-018-1285-6
https://doi.org/10.1111/j.1574-6976.2009.00193.x
https://doi.org/10.1111/j.1574-6976.2009.00193.x
https://doi.org/10.1007/pl00006444
https://doi.org/10.1046/j.1365-2915.2000.00202.x
https://doi.org/10.1016/s0925-4773(01)00594-9
https://doi.org/10.1016/s0925-4773(02)00424-0
https://doi.org/10.1016/j.pt.2010.05.006
https://doi.org/10.3390/genes8070186
https://doi.org/10.1016/j.parint.2009.10.002
https://doi.org/10.1016/j.parint.2009.10.002
https://doi.org/10.1099/00207713-49-1-267


Dale C, Welburn SC (2001) The endosymbionts of tsetse flies: manipulating host-parasite interac-
tions. Int J Parasitol 31:628–631. https://doi.org/10.1016/s0020-7519(01)00151-5

Dale C, Young SA, Haydon DT, Welburn SC (2001) The insect endosymbiont Sodalis glossinidius
utilizes a type III secretion system for cell invasion. Proc Natl Acad Sci U S A 98:1883–1888.
https://doi.org/10.1073/pnas.021450998

Dale C, Jones T, Pontes M (2005) Degenerative evolution and functional diversification of type-III
secretion systems in the insect endosymbiont Sodalis glossinidius. Mol Biol Evol 22:758–766.
https://doi.org/10.1093/molbev/msi061

Darby AC, Lagnel J, Matthew CZ, Bourtzis K, Maudlin I, Welburn SC (2005) Extrachromosomal
DNA of the symbiont Sodalis glossinidius. J Bacteriol 187:5003–5007. https://doi.org/10.1128/
JB.187.14.5003-5007.2005

Dawadi B, Wang X, Xiao R, Muhammad A, Hou Y, Shi Z (2018) PGRP-LB homolog acts as a
negative modulator of immunity in maintaining the gut-microbe symbiosis of red palm weevil,
Rhynchophorus ferrugineus Olivier. Dev Comp Immunol 86:65–77. https://doi.org/10.1016/j.
dci.2018.04.021

de Oliveira CD, Gonçalves DS, Baton LA, Shimabukuro PHF, Carvalho FD, Moreira LA (2015)
Broader prevalence of Wolbachia in insects including potential human disease vectors. Bull
Entomol Res 105:305–315. https://doi.org/10.1017/S0007485315000085

De Vooght L, Caljon G, De Ridder K, Van Den Abbeele J (2014) Delivery of a functional anti-
trypanosome Nanobody in different tsetse fly tissues via a bacterial symbiont, Sodalis
glossinidius. Microb Cell Fact 13:156. https://doi.org/10.1186/s12934-014-0156-6

De Vooght L, Caljon G, Van Hees J, Van Den Abbeele J (2015) Paternal transmission of a
secondary symbiont during mating in the viviparous tsetse Fly. Mol Biol Evol 32:1977–1980.
https://doi.org/10.1093/molbev/msv077

De Vooght L, Van Keer S, Van Den Abbeele J (2018) Towards improving tsetse fly
paratransgenesis: stable colonization of Glossina morsitans morsitans with genetically modified
Sodalis. BMC Microbiol 18:165. https://doi.org/10.1186/s12866-018-1282-9

Dedeine F, Vavre F, Fleury F, Loppin B, Hochberg ME, Bouletreau M (2001) Removing symbiotic
Wolbachia bacteria specifically inhibits oogenesis in a parasitic wasp. Proc Natl Acad Sci U S A
98:6247–6252. https://doi.org/10.1073/pnas.101304298

Demirbas-Uzel G, De Vooght L, Parker AG, Vreysen MJB, Mach RL, Van Den Abbeele J,
Abd-Alla AMM (2018) Combining paratransgenesis with SIT: impact of ionizing radiation on
the DNA copy number of Sodalis glossinidius in tsetse flies. BMCMicrobiol 18:160. https://doi.
org/10.1186/s12866-018-1283-8

Dennis JW, Durkin SM, Horsley Downie JE, Hamill LC, Anderson NE, MacLeod ET (2014)
Sodalis glossinidius prevalence and trypanosome presence in tsetse from Luambe National
Park, Zambia. Parasit Vectors 7:378. https://doi.org/10.1186/1756-3305-7-378

Dobson SL, Bourtzis K, Braig HR, Jones BF, Zhou W, Rousset F, O’Neill SL (1999) Wolbachia
infections are distributed throughout insect somatic and germ line tissues. Insect Biochem Mol
Biol 29:153–160. https://doi.org/10.1016/s0965-1748(98)00119-2

Doudoumis V et al (2012) Detection and characterization ofWolbachia infections in laboratory and
natural populations of different species of tsetse flies (genus Glossina). BMC Microbiol 12
(Suppl 1):S3. https://doi.org/10.1186/1471-2180-12-S1-S3

Doudoumis V et al (2013) Tsetse-Wolbachia symbiosis: comes of age and has great potential for
pest and disease control. J Invertebr Pathol 112. Suppl:S94–S103. https://doi.org/10.1016/j.jip.
2012.05.010

Doudoumis V et al (2017) Challenging the Wigglesworthia, Sodalis, Wolbachia symbiosis dogma
in tsetse flies: Spiroplasma is present in both laboratory and natural populations. Sci Rep
7:4699. https://doi.org/10.1038/s41598-017-04740-3

Douglas AE (1989) Mycetocyte symbiosis in insects. Biol Rev Camb Philos Soc 64:409–434.
https://doi.org/10.1111/j.1469-185x.1989.tb00682.x

Dunning Hotopp JC et al (2007) Widespread lateral gene transfer from intracellular bacteria to
multicellular eukaryotes. Science 317:1753–1756. https://doi.org/10.1126/science.1142490

19 Bacterial Symbionts of Tsetse Flies: Relationships and Functional Interactions. . . 527

https://doi.org/10.1016/s0020-7519(01)00151-5
https://doi.org/10.1073/pnas.021450998
https://doi.org/10.1093/molbev/msi061
https://doi.org/10.1128/JB.187.14.5003-5007.2005
https://doi.org/10.1128/JB.187.14.5003-5007.2005
https://doi.org/10.1016/j.dci.2018.04.021
https://doi.org/10.1016/j.dci.2018.04.021
https://doi.org/10.1017/S0007485315000085
https://doi.org/10.1186/s12934-014-0156-6
https://doi.org/10.1093/molbev/msv077
https://doi.org/10.1186/s12866-018-1282-9
https://doi.org/10.1073/pnas.101304298
https://doi.org/10.1186/s12866-018-1283-8
https://doi.org/10.1186/s12866-018-1283-8
https://doi.org/10.1186/1756-3305-7-378
https://doi.org/10.1016/s0965-1748(98)00119-2
https://doi.org/10.1186/1471-2180-12-S1-S3
https://doi.org/10.1016/j.jip.2012.05.010
https://doi.org/10.1016/j.jip.2012.05.010
https://doi.org/10.1038/s41598-017-04740-3
https://doi.org/10.1111/j.1469-185x.1989.tb00682.x
https://doi.org/10.1126/science.1142490


Duron O, Boureux A, Echaubard P, Berthomieu A, Berticat C, Fort P, Weill M (2007) Variability
and expression of ankyrin domain genes in Wolbachia variants infecting the mosquito Culex
pipiens. J Bacteriol 189:4442–4448. https://doi.org/10.1128/JB.00142-07

Ekwudu O, Devine GJ, Aaskov JG, Frentiu FD (2020) Wolbachia strain wAlbB blocks replication
of flaviviruses and alphaviruses in mosquito cell culture. Parasit Vectors 13:54. https://doi.org/
10.1186/s13071-020-3936-3

Farikou O et al (2010) Tripartite interactions between tsetse flies, Sodalis glossinidius and
trypanosomes – an epidemiological approach in two historical human African trypanosomiasis
foci in Cameroon. Infect Genet Evol 10:115–121. https://doi.org/10.1016/j.meegid.2009.10.008

Fenn K, Conlon C, Jones M, Quail MA, Holroyd NE, Parkhill J, Blaxter M (2006) Phylogenetic
relationships of the Wolbachia of nematodes and arthropods. PLoS Pathog 2:e94. https://doi.
org/10.1371/journal.ppat.0020094

Ferree PM, Frydman HM, Li JM, Cao J, Wieschaus E, Sullivan W (2005) Wolbachia utilizes host
microtubules and Dynein for anterior localization in the Drosophila oocyte. PLoS Pathog 1:e14.
https://doi.org/10.1371/journal.ppat.0010014

Franco JR et al (2018) Monitoring the elimination of human African trypanosomiasis: Update to
2016. PLoS Negl Trop Dis 12:e0006890. https://doi.org/10.1371/journal.pntd.0006890

Franks TM, Lykke-Andersen J (2008) The control of mRNA decapping and P-body formation. Mol
Cell 32:605–615. https://doi.org/10.1016/j.molcel.2008.11.001

Glaser RL, Meola MA (2010) The native Wolbachia endosymbionts of Drosophila melanogaster
and Culex quinquefasciatus increase host resistance to West Nile virus infection. PLoS One 5:
e11977. https://doi.org/10.1371/journal.pone.0011977

Glowska E, Dragun-Damian A, Dabert M, Gerth M (2015) NewWolbachia supergroups detected in
quill mites (Acari: Syringophilidae). Infect Genet Evol 30:140–146. https://doi.org/10.1016/j.
meegid.2014.12.019

Gooding R (1985) Electrophoretic and hybridization comparisons ofGlossina morsitans morsitans,
G. m. centralis and G. m. submorsitans (Diptera:Glossinidae). Can J Zool 63:2694–2702

Gooding R (1987) Genetic basis of sterility in hybrid males from crosses of Glossina morsitans
morsitans and Glossina morsitans centralis. Can J Zool 65:640–646

Gooding R (1989) Genetic basis of sterility in hybrids from crosses of Glossina morsitans
submorsitans and Glossina morsitans morsitans (Diptera:Glossinidae). Genome 32:479–485

Gooding RH (1990) Postmating barriers to gene flow among species and subspecies of tsetse flies
(Diptera: Glossinidae). Can J Zool 68:1727–1734

Gorham CH, Fang QQ, Durden LA (2003) Wolbachia endosymbionts in fleas (Siphonaptera). J
Parasitol 89:283–289. https://doi.org/10.1645/0022-3395(2003)089[0283:WEIFS]2.0.CO;2

Haines LR, Hancock RE, Pearson TW (2003) Cationic antimicrobial peptide killing of African
trypanosomes and Sodalis glossinidius, a bacterial symbiont of the insect vector of sleeping
sickness. Vector Borne Zoonotic Dis 3:175–186. https://doi.org/10.1089/153036603322662165

Hall RJ et al (2019) A tale of three species: adaptation of Sodalis glossinidius to tsetse biology,
Wigglesworthia metabolism, and host Diet. mBio 10:e02106–e02118. https://doi.org/10.1128/
mBio.02106-18

Hamidou Soumana I, Loriod B, Ravel S, Tchicaya B, Simo G, Rihet P, Geiger A (2014a) The
transcriptional signatures of Sodalis glossinidius in the Glossina palpalis gambiensis flies
negative for Trypanosoma brucei gambiense contrast with those of this symbiont in tsetse
flies positive for the parasite: possible involvement of a Sodalis-hosted prophage in fly
Trypanosoma refractoriness? Infect Genet Evol 24:41–56. https://doi.org/10.1016/j.meegid.
2014.03.005

Hamidou Soumana I, Tchicaya B, Loriod B, Rihet P, Geiger A (2014b) Identification of
overexpressed genes in Sodalis glossinidius inhabiting trypanosome-infected self-cured tsetse
flies. Front Microbiol 5:255. https://doi.org/10.3389/fmicb.2014.00255

Harris HL, Braig HR (2003) Sperm chromatin remodelling and Wolbachia-induced cytoplasmic
incompatibility inDrosophila. Biochem Cell Biol 81:229–240. https://doi.org/10.1139/o03-053

528 G. M. Attardo et al.

https://doi.org/10.1128/JB.00142-07
https://doi.org/10.1186/s13071-020-3936-3
https://doi.org/10.1186/s13071-020-3936-3
https://doi.org/10.1016/j.meegid.2009.10.008
https://doi.org/10.1371/journal.ppat.0020094
https://doi.org/10.1371/journal.ppat.0020094
https://doi.org/10.1371/journal.ppat.0010014
https://doi.org/10.1371/journal.pntd.0006890
https://doi.org/10.1016/j.molcel.2008.11.001
https://doi.org/10.1371/journal.pone.0011977
https://doi.org/10.1016/j.meegid.2014.12.019
https://doi.org/10.1016/j.meegid.2014.12.019
https://doi.org/10.1645/0022-3395(2003)089[0283:WEIFS]2.0.CO;2
https://doi.org/10.1089/153036603322662165
https://doi.org/10.1128/mBio.02106-18
https://doi.org/10.1128/mBio.02106-18
https://doi.org/10.1016/j.meegid.2014.03.005
https://doi.org/10.1016/j.meegid.2014.03.005
https://doi.org/10.3389/fmicb.2014.00255
https://doi.org/10.1139/o03-053


Haselkorn TS, Cockburn SN, Hamilton PT, Perlman SJ, Jaenike J (2013) Infectious adaptation:
potential host range of a defensive endosymbiont in Drosophila. Evolution 67:934–945. https://
doi.org/10.1111/evo.12020

Hedges LM, Brownlie JC, O’Neill SL, Johnson KN (2008) Wolbachia and virus protection in
insects. Science 322:702. https://doi.org/10.1126/science.1162418

Herbeck JT, Wall DP, Wernegreen JJ (2003) Gene expression level influences amino acid usage,
but not codon usage, in the tsetse fly endosymbiont Wigglesworthia. Microbiology
149:2585–2596. https://doi.org/10.1099/mic.0.26381-0

Hertig M (1936) The Rickettsia,Wolbachia pipientis (gen. et sp.n.) and associated inclusions of the
mosquito, Culex pipiens . Parasi tology 28:453–486. ht tps: / /doi .org/10.1017/
S0031182000022666

Hertig M, Wolbach SB (1924) Studies on Rickettsia-like micro-organisms in insects. J Med Res
44:329–374.327

Hilgenboecker K, Hammerstein P, Schlattmann P, Telschow A, Werren JH (2008) How many
species are infected with Wolbachia? – a statistical analysis of current data. FEMS Microbiol
Lett 281:215–220. https://doi.org/10.1111/j.1574-6968.2008.01110.x

Hill P, Saunders DS, Campbell JA (1973) Letter: The production of “symbiont-free” Glossina
morsitans and an associated loss of female fertility. Trans R Soc Trop Med Hyg 67:727–728.
https://doi.org/10.1016/0035-9203(73)90051-5

Hoffmann AA, Ross PA, Rašić G (2015) Wolbachia strains for disease control: ecological and
evolutionary considerations. Evol Appl 8:751–768. https://doi.org/10.1111/eva.12286

Hosokawa T, Kaiwa N, Matsuura Y, Kikuchi Y, Fukatsu T (2015) Infection prevalence of Sodalis
symbionts among stinkbugs. Zoological Lett 1:5. https://doi.org/10.1186/s40851-014-0009-5

Hrusa G et al (2015) TonB-dependent heme iron acquisition in the tsetse fly symbiont Sodalis
glossinidius. Appl Environ Microbiol 81:2900–2909. https://doi.org/10.1128/AEM.04166-14

Huebner E, Davey KG (1974) Bacteroids in the ovaries of a tsetse fly. Nature 249:260–261
Hussain M, Frentiu FD, Moreira LA, O’Neill SL, Asgari S (2011)Wolbachia uses host microRNAs

to manipulate host gene expression and facilitate colonization of the dengue vector Aedes
aegypti. Proc Natl Acad Sci U S A 108:9250–9255. https://doi.org/10.1073/pnas.1105469108

Ijichi N, Kondo N, Matsumoto R, Shimada M, Ishikawa H, Fukatsu T (2002) Internal spatiotem-
poral population dynamics of infection with three Wolbachia strains in the adzuki bean beetle,
Callosobruchus chinensis (Coleoptera: Bruchidae). Appl Environ Microbiol 68:4074–4080.
https://doi.org/10.1128/aem.68.8.4074-4080.2002

Isaac C, Ohiolei JA, Ebhodaghe F, Igbinosa IB, Eze AA (2017) Animal African Trypanosomiasis in
Nigeria: A long way from elimination/eradication. Acta Trop 176:323–331. https://doi.org/10.
1016/j.actatropica.2017.08.032

Iturbe-Ormaetxe I, Burke GR, Riegler M, O’Neill SL (2005) Distribution, expression, and motif
variability of ankyrin domain genes inWolbachia pipientis. J Bacteriol 187:5136–5145. https://
doi.org/10.1128/JB.187.15.5136-5145.2005

Jaenike J, Unckless R, Cockburn SN, Boelio LM, Perlman SJ (2010) Adaptation via symbiosis:
recent spread of a Drosophila defensive symbiont. Science 329:212–215. https://doi.org/10.
1126/science.1188235

Jucci C (1952) Symbiosis and phylogenesis in the isoptera. Nature 169:837. https://doi.org/10.
1038/169837a0

Kageyama D, Traut W (2004) Opposite sex-specific effects ofWolbachia and interference with the
sex determination of its host Ostrinia scapulalis. Proc Biol Sci 271:251–258. https://doi.org/10.
1098/rspb.2003.2604

Kageyama D et al (2017) Feminizing Wolbachia endosymbiont disrupts maternal sex chromosome
inheritance in a butterfly species. Evol Lett 1:232–244. https://doi.org/10.1002/evl3.28

Kambris Z, Cook PE, Phuc HK, Sinkins SP (2009) Immune activation by life-shorteningWolbachia
and reduced filarial competence in mosquitoes. Science 326:134–136. https://doi.org/10.1126/
science.1177531

19 Bacterial Symbionts of Tsetse Flies: Relationships and Functional Interactions. . . 529

https://doi.org/10.1111/evo.12020
https://doi.org/10.1111/evo.12020
https://doi.org/10.1126/science.1162418
https://doi.org/10.1099/mic.0.26381-0
https://doi.org/10.1017/S0031182000022666
https://doi.org/10.1017/S0031182000022666
https://doi.org/10.1111/j.1574-6968.2008.01110.x
https://doi.org/10.1016/0035-9203(73)90051-5
https://doi.org/10.1111/eva.12286
https://doi.org/10.1186/s40851-014-0009-5
https://doi.org/10.1128/AEM.04166-14
https://doi.org/10.1073/pnas.1105469108
https://doi.org/10.1128/aem.68.8.4074-4080.2002
https://doi.org/10.1016/j.actatropica.2017.08.032
https://doi.org/10.1016/j.actatropica.2017.08.032
https://doi.org/10.1128/JB.187.15.5136-5145.2005
https://doi.org/10.1128/JB.187.15.5136-5145.2005
https://doi.org/10.1126/science.1188235
https://doi.org/10.1126/science.1188235
https://doi.org/10.1038/169837a0
https://doi.org/10.1038/169837a0
https://doi.org/10.1098/rspb.2003.2604
https://doi.org/10.1098/rspb.2003.2604
https://doi.org/10.1002/evl3.28
https://doi.org/10.1126/science.1177531
https://doi.org/10.1126/science.1177531


Kame-Ngasse GI, Njiokou F, Melachio-Tanekou TT, Farikou O, Simo G, Geiger A (2018)
Prevalence of symbionts and trypanosome infections in tsetse flies of two villages of the
“Faro and Deo” division of the Adamawa region of Cameroon. BMC Microbiol 18:159.
https://doi.org/10.1186/s12866-018-1286-5

Kante ST, Melachio T, Ofon E, Njiokou F, Simo G (2018) Detection of Wolbachia and different
trypanosome species in Glossina palpalis palpalis populations from three sleeping sickness foci
of southern Cameroon. Parasit Vectors 11:630. https://doi.org/10.1186/s13071-018-3229-2

Kita A, Jimbo M, Sakai R, Morimoto Y, Miki K (2015) Crystal structure of a symbiosis-related
lectin from octocoral. Glycobiology 25:1016–1023. https://doi.org/10.1093/glycob/cwv033

Klasson L, Kambris Z, Cook PE, Walker T, Sinkins SP (2009) Horizontal gene transfer between
Wolbachia and the mosquito Aedes aegypti. BMC Genomics 10:33. https://doi.org/10.1186/
1471-2164-10-33

Kondo N, Nikoh N, Ijichi N, Shimada M, Fukatsu T (2002) Genome fragment of Wolbachia
endosymbiont transferred to X chromosome of host insect. Proc Natl Acad Sci U S A
99:14280–14285. https://doi.org/10.1073/pnas.222228199

Kozek W, Rao R (2007) The Discovery of Wolbachia in arthropods and nematodes – a historical
perspective. In: Hoerauf AaR RU (ed) Wolbachia: A Bug’s Life in another Bug, vol
5. Wolbachia. Issues Infect Dis. Karger, Basel, pp 1–14. https://doi.org/10.1159/000104228

Kremer N, Charif D, Henri H, Gavory F, Wincker P, Mavingui P, Vavre F (2012) Influence of
Wolbachia on host gene expression in an obligatory symbiosis. BMCMicrobiol 12(Suppl 1):S7.
https://doi.org/10.1186/1471-2180-12-S1-S7

LePage DP et al (2017) Prophage WO genes recapitulate and enhance Wolbachia-induced cyto-
plasmic incompatibility. Nature 543:243–247. https://doi.org/10.1038/nature21391

Lo N, Casiraghi M, Salati E, Bazzocchi C, Bandi C (2002) How many Wolbachia supergroups
exist? Mol Biol Evol 19:341–346. https://doi.org/10.1093/oxfordjournals.molbev.a004087

Ma WC, Denlinger DL (1974) Secretory discharge and microflora of milk gland in tsetse flies.
Nature 247:301–303

Magnarelli LA (1978) Nectar-feeding by female mosquitoes and its relation to follicular develop-
ment and parity. J Med Entomol 14:527–530. https://doi.org/10.1093/jmedent/14.5.527

Maltz MA, Weiss BL, O’Neill M, Wu Y, Aksoy S (2012) OmpA-mediated biofilm formation is
essential for the commensal bacterium Sodalis glossinidius to colonize the tsetse fly gut. Appl
Environ Microbiol 78:7760–7768. https://doi.org/10.1128/AEM.01858-12

Mancini MV, Herd CS, Ant TH, Murdochy SM, Sinkins SP (2020) Wolbachia strain wAu
efficiently blocks arbovirus transmission in Aedes albopictus. PLoS Negl Trop Dis 14:
e0007926. https://doi.org/10.1371/journal.pntd.0007926

Mayoral JG, Hussain M, Joubert DA, Iturbe-Ormaetxe I, O’Neill SL, Asgari S (2014) Wolbachia
small noncoding RNAs and their role in cross-kingdom communications. Proc Natl Acad Sci U
S A 111:18721–18726. https://doi.org/10.1073/pnas.1420131112

Mellanby H (1937) Experimental work on reproduction in the tsetse fly, Glossina palpalis.
Parasitology 1:131–141

Meyer A, Holt HR, Selby R, Guitian J (2016) Past and ongoing tsetse and animal trypanosomiasis
control operations in five African Countries: a systematic review. PLoS Negl Trop Dis 10:
e0005247. https://doi.org/10.1371/journal.pntd.0005247

Michalkova V, Benoit JB, Weiss BL, Attardo GM, Aksoy S (2014) Vitamin B6 generated by
obligate symbionts is critical for maintaining proline homeostasis and fecundity in tsetse flies.
Appl Environ Microbiol 80:5844–5853. https://doi.org/10.1128/AEM.01150-14

Min K-T, Benzer S (1997)Wolbachia, normally a symbiont of Drosophila, can be virulent, causing
degeneration and death. Proc Natl Acad Sci U S A 94:10792–10796

Mitsuhashi W, Saiki T, Wei W, Kawakita H, Sato M (2002) Two novel strains of Wolbachia
coexisting in both species of mulberry leafhoppers. Insect Mol Biol 11:577–584. https://doi.org/
10.1046/j.1365-2583.2002.00368.x

530 G. M. Attardo et al.

https://doi.org/10.1186/s12866-018-1286-5
https://doi.org/10.1186/s13071-018-3229-2
https://doi.org/10.1093/glycob/cwv033
https://doi.org/10.1186/1471-2164-10-33
https://doi.org/10.1186/1471-2164-10-33
https://doi.org/10.1073/pnas.222228199
https://doi.org/10.1159/000104228
https://doi.org/10.1186/1471-2180-12-S1-S7
https://doi.org/10.1038/nature21391
https://doi.org/10.1093/oxfordjournals.molbev.a004087
https://doi.org/10.1093/jmedent/14.5.527
https://doi.org/10.1128/AEM.01858-12
https://doi.org/10.1371/journal.pntd.0007926
https://doi.org/10.1073/pnas.1420131112
https://doi.org/10.1371/journal.pntd.0005247
https://doi.org/10.1128/AEM.01150-14
https://doi.org/10.1046/j.1365-2583.2002.00368.x
https://doi.org/10.1046/j.1365-2583.2002.00368.x


Montenegro H, Solferini VN, Klaczko LB, Hurst GDD (2005) Male-killing Spiroplasma naturally
infecting Drosophila melanogaster. Insect Mol Biol 14:281–287. https://doi.org/10.1111/j.
1365-2583.2005.00558.x

Moran NA, Bennett GM (2014) The tiniest tiny genomes. Annu Rev Microbiol 68:195–215. https://
doi.org/10.1146/annurev-micro-091213-112901

Moreira LA et al (2009) A Wolbachia symbiont in Aedes aegypti limits infection with dengue,
Chikungunya, and Plasmodium. Cell 139:1268–1278. https://doi.org/10.1016/j.cell.2009.11.
042

Mouton L, Henri H, Charif D, Boulétreau M, Vavre F (2007) Interaction between host genotype and
environmental conditions affects bacterial density in Wolbachia symbiosis. Biol Lett
3:210–213. https://doi.org/10.1098/rsbl.2006.0590

Munson MA, Baumann P, Kinsey MG (1991) Buchnera gen. nov. and Buchnera aphidicola
sp. nov., a taxon consisting of the mycetocyte-associated, primary endosymbionts of aphids.
Int J Syst Evol Micr 41:566–568

Nikoh N, Nakabachi A (2009) Aphids acquired symbiotic genes via lateral gene transfer. BMC Biol
7:12. https://doi.org/10.1186/1741-7007-7-12

Nikoh N, Tanaka K, Shibata F, Kondo N, Hizume M, Shimada M, Fukatsu T (2008) Wolbachia
genome integrated in an insect chromosome: evolution and fate of laterally transferred endo-
symbiont genes. Genome Res 18:272–280. https://doi.org/10.1101/gr.7144908

Nogge G (1976) Sterility in tsetse flies (Glossina morsitans Westwood) caused by loss of symbi-
onts. Experientia 32:995–996

Nogge G (1978) Aposymbiotic tsetse flies, Glossina morsitans morsitans obtained by feeding on
rabbits immunized specifically with symbionts. J Insect Physiol 24:299–304

Nogge G, Gerresheim A (1982) Experiments on the elimination of symbionts from the tsetse-fly,
Glossina morsitans morsitans (Diptera, Glossinidae), by antibiotics and lysozyme. J Invertebr
Pathol 40:166–179

Novakova E, Husnik F, Sochova E, Hypsa V (2015) Arsenophonus and Sodalis symbionts in louse
flies: an analogy to the Wigglesworthia and Sodalis system in tsetse flies. Appl Environ
Microbiol 81:6189–6199. https://doi.org/10.1128/AEM.01487-15

Nunan LM, Lightner DV, Oduori MA, Gasparich GE (2005) Spiroplasma penaei sp. nov., asso-
ciated with mortalities in Penaeus vannamei, Pacific white shrimp. Int J Syst Evol Micr
55:2317–2322

O’Connor L, Plichart C, Sang AC, Brelsfoard CL, Bossin HC, Dobson SL (2012) Open release of
male mosquitoes infected with a Wolbachia biopesticide: field performance and infection
containment. PLoS Negl Trop Dis 6:e1797. https://doi.org/10.1371/journal.pntd.0001797

O’Neill SL, Karr TL (1990) Bidirectional incompatibility between conspecific populations of
Drosophila simulans. Nature 348:178–180. https://doi.org/10.1038/348178a0

O’Neill SL, Giordano R, Colbert AM, Karr TL, Robertson HM (1992) 16S rRNA phylogenetic
analysis of the bacterial endosymbionts associated with cytoplasmic incompatibility in insects.
Proc Natl Acad Sci U S A 89:2699–2702. https://doi.org/10.1073/pnas.89.7.2699

O’Neill SL, Gooding RH, Aksoy S (1993) Phylogenetically distant symbiotic microorganisms
reside in Glossina midgut and ovary tissues. Med Vet Entomol 7:377–383. https://doi.org/10.
1111/j.1365-2915.1993.tb00709.x

Osborne SE, Leong YS, O’Neill SL, Johnson KN (2009) Variation in antiviral protection mediated
by different Wolbachia strains in Drosophila simulans. PLoS Pathog 5:e1000656. https://doi.
org/10.1371/journal.ppat.1000656

Ote M, Yamamoto D (2020) Impact of Wolbachia infection on Drosophila female germline stem
cells. Curr Opin Insect Sci 37:8–15. https://doi.org/10.1016/j.cois.2019.10.001

Ote M, Ueyama M, Yamamoto D (2016) Wolbachia protein TomO targets nanos mRNA and
restores germ stem cells in Drosophila sex-lethal mutants. Curr Biol 26:2223–2232. https://doi.
org/10.1016/j.cub.2016.06.054

19 Bacterial Symbionts of Tsetse Flies: Relationships and Functional Interactions. . . 531

https://doi.org/10.1111/j.1365-2583.2005.00558.x
https://doi.org/10.1111/j.1365-2583.2005.00558.x
https://doi.org/10.1146/annurev-micro-091213-112901
https://doi.org/10.1146/annurev-micro-091213-112901
https://doi.org/10.1016/j.cell.2009.11.042
https://doi.org/10.1016/j.cell.2009.11.042
https://doi.org/10.1098/rsbl.2006.0590
https://doi.org/10.1186/1741-7007-7-12
https://doi.org/10.1101/gr.7144908
https://doi.org/10.1128/AEM.01487-15
https://doi.org/10.1371/journal.pntd.0001797
https://doi.org/10.1038/348178a0
https://doi.org/10.1073/pnas.89.7.2699
https://doi.org/10.1111/j.1365-2915.1993.tb00709.x
https://doi.org/10.1111/j.1365-2915.1993.tb00709.x
https://doi.org/10.1371/journal.ppat.1000656
https://doi.org/10.1371/journal.ppat.1000656
https://doi.org/10.1016/j.cois.2019.10.001
https://doi.org/10.1016/j.cub.2016.06.054
https://doi.org/10.1016/j.cub.2016.06.054


Pais R, Lohs C, Wu Y, Wang J, Aksoy S (2008) The obligate mutualistWigglesworthia glossinidia
influences reproduction, digestion, and immunity processes of its host, the tsetse fly. Appl
Environ Microbiol 74:5965–5974. https://doi.org/10.1128/AEM.00741-08

Pan X, Zhou G, Wu J, Bian G, Lu P, Raikhel AS, Xi Z (2012) Wolbachia induces reactive oxygen
species (ROS)-dependent activation of the Toll pathway to control dengue virus in the mosquito
Aedes aegypti. Proc Natl Acad Sci U S A 109:E23–E31. https://doi.org/10.1073/pnas.
1116932108

Pan X et al (2018) The bacteriumWolbachia exploits host innate immunity to establish a symbiotic
relationship with the dengue vector mosquito Aedes aegypti. ISME J 12:277–288. https://doi.
org/10.1038/ismej.2017.174

Pannebakker BA, Loppin B, Elemans CP, Humblot L, Vavre F (2007) Parasitic inhibition of cell
death facilitates symbiosis. Proc Natl Acad Sci U S A 104:213–215. https://doi.org/10.1073/
pnas.0607845104

Paraskevopoulos C, Bordenstein SR, Wernegreen JJ, Werren JH, Bourtzis K (2006) Toward a
Wolbachia multilocus sequence typing system: discrimination of Wolbachia strains present in
Drosophila species. Curr Microbiol 53:388–395. https://doi.org/10.1007/s00284-006-0054-1

Paredes JC et al (2015) Genome sequence of the Drosophila melanogaster male-killing
Spiroplasma strain MSRO endosymbiont. mBio 6:e02437-14. https://doi.org/10.1128/mBio.
02437-14

Pell PE, Southern DI (1975) Symbionts in the female tsetse fly Glossina morsitans morsitans.
Experientia 31:650–651. https://doi.org/10.1007/BF01944608

Pietri JE, DeBruhl H, Sullivan W (2016) The rich somatic life of Wolbachia. Microbiologyopen
5:923–936. https://doi.org/10.1002/mbo3.390

Pinnock DE, Hess RT (1974) The occurrence of intracellular rickettsia-like organisms in the tsetse
flies, Glossina morsitans, G. fuscipes, G. brevipalpis and G. pallidipes. Acta Trop 31:70–79

Pontes MH, Babst M, Lochhead R, Oakeson K, Smith K, Dale C (2008) Quorum sensing primes the
oxidative stress response in the insect endosymbiont, Sodalis glossinidius. PLoS One 3:e3541.
https://doi.org/10.1371/journal.pone.0003541

Puchta O (1955) Experimental studies on the significance of symbiosis in the clothes louse
Pediculus vestimenti Burm. Z Parasitenkd 17:1–40. https://doi.org/10.1007/bf00260226

Rasić G, Endersby NM, Williams C, Hoffmann AA (2014) Using Wolbachia-based release for
suppression of Aedes mosquitoes: insights from genetic data and population simulations. Ecol
Appl 24:1226–1234. https://doi.org/10.1890/13-1305.1

Rawlings P (1985) The genetics of hybrid sterility between subspecies of the complex of Glossina
morsitans Westwood (Diptera: Glossinidae). B Entomol Res 75:689–699

Reinhardt C, Steiger R, Hecker H (1972) Ultrastructural study of the midgut mycetome-bacteroids
of the tsetse flies Glossina morsitans, G. fuscipes, and G. brevipalpis (Diptera, Brachycera).
Acta Trop 29:280–288

Rio RV, Lefevre C, Heddi A, Aksoy S (2003) Comparative genomics of insect-symbiotic bacteria:
influence of host environment on microbial genome composition. Appl Environ Microbiol
69:6825–6832. https://doi.org/10.1128/aem.69.11.6825-6832.2003

Rio RV, Wu YN, Filardo G, Aksoy S (2006) Dynamics of multiple symbiont density regulation
during host development: tsetse fly and its microbial flora. Proc Biol Sci 273:805–814. https://
doi.org/10.1098/rspb.2005.3399

Rio RV et al (2012) Insight into the transmission biology and species-specific functional capabil-
ities of tsetse (Diptera: glossinidae) obligate symbiont Wigglesworthia. MBio 3:00240-11.
https://doi.org/10.1128/mBio.00240-11

Ros VID, Fleming VM, Feil EJ, Breeuwer JAJ (2009) How diverse is the genus Wolbachia?
Multiple-gene sequencing reveals a putatively new Wolbachia supergroup recovered from
spider mites (Acari: Tetranychidae). Appl Environ Microbiol 75:1036–1043. https://doi.org/
10.1128/AEM.01109-08

Roubaud B (1919) Les particularites de la nutrition et de la vie symbiotique chez les mouches tsetse.
Ann Inst Pasteur 33:489–537

532 G. M. Attardo et al.

https://doi.org/10.1128/AEM.00741-08
https://doi.org/10.1073/pnas.1116932108
https://doi.org/10.1073/pnas.1116932108
https://doi.org/10.1038/ismej.2017.174
https://doi.org/10.1038/ismej.2017.174
https://doi.org/10.1073/pnas.0607845104
https://doi.org/10.1073/pnas.0607845104
https://doi.org/10.1007/s00284-006-0054-1
https://doi.org/10.1128/mBio.02437-14
https://doi.org/10.1128/mBio.02437-14
https://doi.org/10.1007/BF01944608
https://doi.org/10.1002/mbo3.390
https://doi.org/10.1371/journal.pone.0003541
https://doi.org/10.1007/bf00260226
https://doi.org/10.1890/13-1305.1
https://doi.org/10.1128/aem.69.11.6825-6832.2003
https://doi.org/10.1098/rspb.2005.3399
https://doi.org/10.1098/rspb.2005.3399
https://doi.org/10.1128/mBio.00240-11
https://doi.org/10.1128/AEM.01109-08
https://doi.org/10.1128/AEM.01109-08


Rousset F, Bouchon D, Pintureau B, Juchault P, Solignac M (1992) Wolbachia endosymbionts
responsible for various alterations of sexuality in arthropods. Proc Biol Sci 250:91–98. https://
doi.org/10.1098/rspb.1992.0135

Rowley SM, Raven RJ, McGraw EA (2004) Wolbachia pipientis in Australian spiders. Curr
Microbiol 49:208–214. https://doi.org/10.1007/s00284-004-4346-z

Runyen-Janecky LJ, Brown AN, Ott B, Tujuba HG, Rio RV (2010) Regulation of high-affinity iron
acquisition homologues in the tsetse fly symbiont Sodalis glossinidius. J Bacteriol
192:3780–3787. https://doi.org/10.1128/JB.00161-10

Schneider DI, Garschall KI, Parker AG, Abd-Alla AMM, Miller WJ (2013) Global Wolbachia
prevalence, titer fluctuations and their potential of causing cytoplasmic incompatibilities in
tsetse flies and hybrids of Glossina morsitans subgroup species. J Invertebr Pathol 112. Suppl:
S104–S115. https://doi.org/10.1016/j.jip.2012.03.024

Schneider DI, Parker AG, Abd-Alla AM, Miller WJ (2018) High-sensitivity detection of cryptic
Wolbachia in the African tsetse fly (Glossina spp.). BMC Microbiol 18:140. https://doi.org/10.
1186/s12866-018-1291-8

Schneider DI et al (2019) Spatio-temporal distribution of Spiroplasma infections in the tsetse fly
(Glossina fuscipes fuscipes) in northern Uganda. PLoS Negl Trop Dis 13:e0007340. https://doi.
org/10.1371/journal.pntd.0007340

Schroder D et al (1996) Intracellular endosymbiotic bacteria of Camponotus species (carpenter
ants): systematics, evolution and ultrastructural characterization. Mol Microbiol 21:479–489.
https://doi.org/10.1111/j.1365-2958.1996.tb02557.x

Serbus LR, Sullivan W (2007) A cellular basis for Wolbachia recruitment to the host germline.
PLoS Pathog 3:e190. https://doi.org/10.1371/journal.ppat.0030190

Serbus LR, Casper-Lindley C, Landmann F, Sullivan W (2008) The genetics and cell biology of
Wolbachia-host interactions. Annu Rev Genet 42:683–707. https://doi.org/10.1146/annurev.
genet.41.110306.130354

Serbus LR, Ferreccio A, Zhukova M, McMorris CL, Kiseleva E, Sullivan W (2011) A feedback
loop between Wolbachia and the Drosophila gurken mRNP complex influences Wolbachia
titer. J Cell Sci 124:4299–4308. https://doi.org/10.1242/jcs.092510

Simo G et al (2019) Molecular identification ofWolbachia and Sodalis glossinidius in the midgut of
Glossina fuscipes quanzensis from the Democratic Republic of Congo. Parasite 26:5. https://doi.
org/10.1051/parasite/2019005

Sinkins SP, Gould F (2006) Gene drive systems for insect disease vectors. Nat Rev Genet
7:427–435. https://doi.org/10.1038/nrg1870

Sinkins S, Curtis C, O’Neill SL (1997) The potential application of inherited symbiont systems to
pest control. In: Influential passengers: inherited microorganisms and arthropod reproduction.
Oxford University Press, Oxford, pp 155–175

Smith CL, Weiss BL, Aksoy S, Runyen-Janecky LJ (2013) Characterization of the achromobactin
iron acquisition operon in Sodalis glossinidius. Appl Environ Microbiol 79:2872–2881. https://
doi.org/10.1128/AEM.03959-12

Snyder AK, Rio RV (2015) “Wigglesworthia morsitans” folate (Vitamin B9) biosynthesis contrib-
utes to tsetse host fitness. Appl Environ Microbiol 81:5375–5386. https://doi.org/10.1128/
AEM.00553-15

Snyder AK, Deberry JW, Runyen-Janecky L, Rio RV (2010) Nutrient provisioning facilitates
homeostasis between tsetse fly (Diptera: Glossinidae) symbionts. Proc Biol Sci
277:2389–2397. https://doi.org/10.1098/rspb.2010.0364

Snyder AK, McLain C, Rio RV (2012) The tsetse fly obligate mutualist Wigglesworthia morsitans
alters gene expression and population density via exogenous nutrient provisioning. Appl
Environ Microbiol 78:7792–7797. https://doi.org/10.1128/AEM.02052-12

Soumana IH, Simo G, Njiokou F, Tchicaya B, Abd-Alla AM, Cuny G, Geiger A (2013) The
bacterial flora of tsetse fly midgut and its effect on trypanosome transmission. J Invertebr Pathol
112. Suppl:S89–S93. https://doi.org/10.1016/j.jip.2012.03.029

19 Bacterial Symbionts of Tsetse Flies: Relationships and Functional Interactions. . . 533

https://doi.org/10.1098/rspb.1992.0135
https://doi.org/10.1098/rspb.1992.0135
https://doi.org/10.1007/s00284-004-4346-z
https://doi.org/10.1128/JB.00161-10
https://doi.org/10.1016/j.jip.2012.03.024
https://doi.org/10.1186/s12866-018-1291-8
https://doi.org/10.1186/s12866-018-1291-8
https://doi.org/10.1371/journal.pntd.0007340
https://doi.org/10.1371/journal.pntd.0007340
https://doi.org/10.1111/j.1365-2958.1996.tb02557.x
https://doi.org/10.1371/journal.ppat.0030190
https://doi.org/10.1146/annurev.genet.41.110306.130354
https://doi.org/10.1146/annurev.genet.41.110306.130354
https://doi.org/10.1242/jcs.092510
https://doi.org/10.1051/parasite/2019005
https://doi.org/10.1051/parasite/2019005
https://doi.org/10.1038/nrg1870
https://doi.org/10.1128/AEM.03959-12
https://doi.org/10.1128/AEM.03959-12
https://doi.org/10.1128/AEM.00553-15
https://doi.org/10.1128/AEM.00553-15
https://doi.org/10.1098/rspb.2010.0364
https://doi.org/10.1128/AEM.02052-12
https://doi.org/10.1016/j.jip.2012.03.029


Starr DJ, Cline TW (2002) A host parasite interaction rescues Drosophila oogenesis defects. Nature
418:76–79. https://doi.org/10.1038/nature00843

Stouthamer R, Breeuwer JA, Hurst GD (1999) Wolbachia pipientis: microbial manipulator of
arthropod reproduction. Annu Rev Microbiol 53:71–102. https://doi.org/10.1146/annurev.
micro.53.1.71

Strunov A, Kiseleva E (2016) Drosophila melanogaster brain invasion: pathogenic Wolbachia in
central nervous system of the fly. Insect Sci 23:253–264. https://doi.org/10.1111/1744-7917.
12187

Stuhlmann F (1907) Beitrage zur Kenntnis der Tsetsefliege (G. fusca und G. tachinoides). Arb
Gesundh Amte (Berlin) xxxiii:489–536

Sugimoto TN, Kayukawa T, Shinoda T, Ishikawa Y, Tsuchida T (2015) Misdirection of dosage
compensation underlies bidirectional sex-specific death in Wolbachia-infected Ostrinia
scapulalis. Insect Biochem Mol Biol 66:72–76. https://doi.org/10.1016/j.ibmb.2015.10.001

Symula RE et al (2011) Influence of host phylogeographic patterns and incomplete lineage sorting
on within-species genetic variability in Wigglesworthia species, obligate symbionts of tsetse
flies. Appl Environ Microbiol 77:8400–8408. https://doi.org/10.1128/AEM.05688-11

Symula RE et al (2013) Wolbachia association with the tsetse fly, Glossina fuscipes fuscipes,
reveals high levels of genetic diversity and complex evolutionary dynamics. BMC Evol Biol
13:31. https://doi.org/10.1186/1471-2148-13-31

Teixeira L, Ferreira A, Ashburner M (2008) The bacterial symbiontWolbachia induces resistance to
RNA viral infections in Drosophila melanogaster. PLoS Biol 6:e2. https://doi.org/10.1371/
journal.pbio.1000002

Tobe SS (1978) Reproductive physiology of Glossina. Annu Rev Entomol 23:283–307. https://doi.
org/10.1146/annurev.en.23.010178.001435

Toh H, Weiss BL, Perkin SA, Yamashita A, Oshima K, Hattori M, Aksoy S (2006) Massive
genome erosion and functional adaptations provide insights into the symbiotic lifestyle of
Sodalis glossinidius in the tsetse host. Genome Res 16:149–156. https://doi.org/10.1101/gr.
4106106

Tram U, Sullivan W (2002) Role of delayed nuclear envelope breakdown and mitosis in
Wolbachia-induced cytoplasmic incompatibility. Science 296:1124–1126. https://doi.org/10.
1126/science.1070536

Tram U, Ferree PM, Sullivan W (2003) Identification ofWolbachia-host interacting factors through
cytological analysis. Microbes Infect 5:999–1011. https://doi.org/10.1016/s1286-4579(03)
00192-8

Tsagmo Ngoune JM et al (2019) The composition and abundance of bacterial communities residing
in the gut of Glossina palpalis palpalis captured in two sites of southern Cameroon. Parasit
Vectors 12:151. https://doi.org/10.1186/s13071-019-3402-2

Turelli M et al (2018) Rapid global spread of wRi-likeWolbachia across multiple Drosophila. Curr
Biol 28 e968:963–971. https://doi.org/10.1016/j.cub.2018.02.015

Unterman BM, Baumann P, McLean DL (1989) Pea aphid symbiont relationships established by
analysis of 16S rRNAs. J Bacteriol 171:2970–2974. https://doi.org/10.1128/jb.171.6.2970-
2974.1989

Vanderplank FL (1948) Experiments in crossbreeding tsetse-flies, Glossina species. Ann Trop Med
Parasitol 42:131–152. https://doi.org/10.1080/00034983.1948.11685357

Vreysen MJ, Seck MT, Sall B, Bouyer J (2013) Tsetse flies: their biology and control using area-
wide integrated pest management approaches. J Invertebr Pathol 112. Suppl:S15–S25. https://
doi.org/10.1016/j.jip.2012.07.026

Walker T et al (2011) The wMel Wolbachia strain blocks dengue and invades caged Aedes aegypti
populations. Nature 476:450–453. https://doi.org/10.1038/nature10355

Wamwiri FN et al (2013)Wolbachia, Sodalis and trypanosome co-infections in natural populations
of Glossina austeni and Glossina pallidipes. Parasit Vectors 6:232. https://doi.org/10.1186/
1756-3305-6-232

534 G. M. Attardo et al.

https://doi.org/10.1038/nature00843
https://doi.org/10.1146/annurev.micro.53.1.71
https://doi.org/10.1146/annurev.micro.53.1.71
https://doi.org/10.1111/1744-7917.12187
https://doi.org/10.1111/1744-7917.12187
https://doi.org/10.1016/j.ibmb.2015.10.001
https://doi.org/10.1128/AEM.05688-11
https://doi.org/10.1186/1471-2148-13-31
https://doi.org/10.1371/journal.pbio.1000002
https://doi.org/10.1371/journal.pbio.1000002
https://doi.org/10.1146/annurev.en.23.010178.001435
https://doi.org/10.1146/annurev.en.23.010178.001435
https://doi.org/10.1101/gr.4106106
https://doi.org/10.1101/gr.4106106
https://doi.org/10.1126/science.1070536
https://doi.org/10.1126/science.1070536
https://doi.org/10.1016/s1286-4579(03)00192-8
https://doi.org/10.1016/s1286-4579(03)00192-8
https://doi.org/10.1186/s13071-019-3402-2
https://doi.org/10.1016/j.cub.2018.02.015
https://doi.org/10.1128/jb.171.6.2970-2974.1989
https://doi.org/10.1128/jb.171.6.2970-2974.1989
https://doi.org/10.1080/00034983.1948.11685357
https://doi.org/10.1016/j.jip.2012.07.026
https://doi.org/10.1016/j.jip.2012.07.026
https://doi.org/10.1038/nature10355
https://doi.org/10.1186/1756-3305-6-232
https://doi.org/10.1186/1756-3305-6-232


Wang J, Aksoy S (2012) PGRP-LB is a maternally transmitted immune milk protein that influences
symbiosis and parasitism in tsetse’s offspring. Proc Natl Acad Sci U S A 109:10552–10557.
https://doi.org/10.1073/pnas.1116431109

Wang W, Wen B, Gasparich GE, Zhu N, Rong L, Chen J, Xu Z (2004) A spiroplasma associated
with tremor disease in the Chinese mitten crab (Eriocheir sinensis). Microbiology
150:3035–3040

Wang J, Wu Y, Yang G, Aksoy S (2009) Interactions between mutualistWigglesworthia and tsetse
peptidoglycan recognition protein (PGRP-LB) influence trypanosome transmission. Proc Natl
Acad Sci U S A 106:12133–12138. https://doi.org/10.1073/pnas.0901226106

Wang Y, Carolan JC, Hao F, Nicholson JK, Wilkinson TL, Douglas AE (2010) Integrated
metabonomic-proteomic analysis of an insect-bacterial symbiotic system. J Proteome Res
9:1257–1267. https://doi.org/10.1021/pr9007392

Weiss BL, Mouchotte R, Rio RV, Wu YN, Wu Z, Heddi A, Aksoy S (2006) Inter-specific transfer
of bacterial endosymbionts between tsetse species: infection establishment and effect on host
fitness. Appl Environ Microbiol 72:7013–7021

Weiss BL, Wu Y, Schwank JJ, Tolwinski NS, Aksoy S (2008) An insect symbiosis is influenced by
bacterium-specific polymorphisms in outer-membrane protein A. Proc Natl Acad Sci U S A
105:15088–15093. https://doi.org/10.1073/pnas.0805666105

Weiss BL, Wang J, Aksoy S (2011) Tsetse immune system maturation requires the presence of
obligate symbionts in larvae. PLoS Biol 9:e1000619. https://doi.org/10.1371/journal.pbio.
1000619

Welburn SC, Maudlin I, Ellis DS (1987) In vitro cultivation of rickettsia-like-organisms from
Glossina spp. Ann Trop Med Parasit 81:331–335

Werren JH (1997) Wolbachia run amok. Proc Natl Acad Sci U S A 94:11154–11155. https://doi.
org/10.1073/pnas.94.21.11154

Werren JH, Zhang W, Guo LR (1995) Evolution and phylogeny of Wolbachia: reproductive
parasites of arthropods. Proc Biol Sci 261:55–63. https://doi.org/10.1098/rspb.1995.0117

Wigglesworth VB (1929) Digestion in the tsetse-fly: a study of structure and function. Parasitology
21:288–321

Woolfit M, Iturbe-Ormaetxe I, McGraw EA, O’Neill SL (2009) An ancient horizontal gene transfer
between mosquito and the endosymbiotic bacterium Wolbachia pipientis. Mol Biol Evol
26:367–374. https://doi.org/10.1093/molbev/msn253

Xi Z, Khoo CCH, Dobson SL (2005) Wolbachia establishment and invasion in an Aedes aegypti
laboratory population. Science 310:326–328. https://doi.org/10.1126/science.1117607

Yen JH, Barr AR (1973) The etiological agent of cytoplasmic incompatibility in Culex pipiens. J
Invertebr Pathol 22:242–250. https://doi.org/10.1016/0022-2011(73)90141-9

Yuan L-L et al (2015) Quantitative proteomic analyses of molecular mechanisms associated with
Cytoplasmic Incompatibility in Drosophila melanogaster induced by Wolbachia. J Proteome
Res 14:3835–3847. https://doi.org/10.1021/acs.jproteome.5b00191

Yun Y, Lei C, Peng Y, Liu F, Chen J, Chen L (2011) Wolbachia strains typing in different
geographic population spider, Hylyphantes graminicola (Linyphiidae). Curr Microbiol
62:139–145. https://doi.org/10.1007/s00284-010-9686-2

Zabalou S, Apostolaki A, Livadaras I, Franz G, Robinson AS, Savakis C, Bourtzis K (2009)
Incompatible insect technique: incompatible males from a Ceratitis capitata genetic sexing
strain. Entomol Exp Appl 132:232–240. https://doi.org/10.1111/j.1570-7458.2009.00886.x

Zaidman-Remy A et al (2006) The Drosophila amidase PGRP-LB modulates the immune response
to bacterial infection. Immunity 24:463–473. https://doi.org/10.1016/j.immuni.2006.02.012

Zhang D, Lees RS, Xi Z, Gilles JRL, Bourtzis K (2015a) Combining the Sterile Insect Technique
withWolbachia-based approaches: II-A safer approach to Aedes albopictus population suppres-
sion programmes, designed to minimize the consequences of inadvertent female release. PLoS
One 10:e0135194. https://doi.org/10.1371/journal.pone.0135194

19 Bacterial Symbionts of Tsetse Flies: Relationships and Functional Interactions. . . 535

https://doi.org/10.1073/pnas.1116431109
https://doi.org/10.1073/pnas.0901226106
https://doi.org/10.1021/pr9007392
https://doi.org/10.1073/pnas.0805666105
https://doi.org/10.1371/journal.pbio.1000619
https://doi.org/10.1371/journal.pbio.1000619
https://doi.org/10.1073/pnas.94.21.11154
https://doi.org/10.1073/pnas.94.21.11154
https://doi.org/10.1098/rspb.1995.0117
https://doi.org/10.1093/molbev/msn253
https://doi.org/10.1126/science.1117607
https://doi.org/10.1016/0022-2011(73)90141-9
https://doi.org/10.1021/acs.jproteome.5b00191
https://doi.org/10.1007/s00284-010-9686-2
https://doi.org/10.1111/j.1570-7458.2009.00886.x
https://doi.org/10.1016/j.immuni.2006.02.012
https://doi.org/10.1371/journal.pone.0135194


Zhang D, Zheng X, Xi Z, Bourtzis K, Gilles JRL (2015b) Combining the Sterile Insect Technique
with the Incompatible Insect Technique: I-Impact of Wolbachia infection on the fitness of
triple- and double-infected strains of Aedes albopictus. PLoS One 10:e0121126. https://doi.
org/10.1371/journal.pone.0121126

Zhang D, Lees RS, Xi Z, Bourtzis K, Gilles JRL (2016) Combining the Sterile Insect Technique
with the Incompatible Insect Technique: III-Robust mating competitiveness of irradiated triple
Wolbachia-infected Aedes albopictus males under semi-field conditions. PLoS One 11:
e0151864. https://doi.org/10.1371/journal.pone.0151864

Zheng Y, Wang J-L, Liu C, Wang C-P, Walker T, Wang Y-F (2011) Differentially expressed
profiles in the larval testes of Wolbachia infected and uninfected Drosophila. BMC Genomics
12:595. https://doi.org/10.1186/1471-2164-12-595

Zhou JJ (2010) Odorant-binding proteins in insects. Vitam Horm 83:241–272. https://doi.org/10.
1016/S0083-6729(10)83010-9

Zhou W, Rousset F, O’Neil S (1998) Phylogeny and PCR-based classification ofWolbachia strains
using wsp gene sequences. Proc Biol Sci 265:509–515. https://doi.org/10.1098/rspb.1998.0324

Zientz E, Dandekar T, Gross R (2004) Metabolic interdependence of obligate intracellular bacteria
and their insect hosts. Microbiol Mol Biol Rev 68:745–770. https://doi.org/10.1128/MMBR.68.
4.745-770.2004

536 G. M. Attardo et al.

https://doi.org/10.1371/journal.pone.0121126
https://doi.org/10.1371/journal.pone.0121126
https://doi.org/10.1371/journal.pone.0151864
https://doi.org/10.1186/1471-2164-12-595
https://doi.org/10.1016/S0083-6729(10)83010-9
https://doi.org/10.1016/S0083-6729(10)83010-9
https://doi.org/10.1098/rspb.1998.0324
https://doi.org/10.1128/MMBR.68.4.745-770.2004
https://doi.org/10.1128/MMBR.68.4.745-770.2004


Part V
Symbiosis, Adaptive and Immune

Responses, and Therapeutic Interventions



Chapter 20
Our Microbiome: On the Challenges,
Promises, and Hype

Sara Federici, Jotham Suez, and Eran Elinav

Abstract The microbiome field is increasingly raising interest among scientists,
clinicians, biopharmaceutical entities, and the general public. Technological
advances from the past two decades have enabled the rapid expansion of our ability
to characterize the human microbiome in depth, highlighting its previously under-
appreciated role in contributing to multifactorial diseases including those with
unknown etiology. Consequently, there is growing evidence that the microbiome
could be utilized in medical diagnosis and patient stratification. Moreover, multiple
gut microbes and their metabolic products may be bioactive, thereby serving as
future potential microbiome-targeting or -associated therapeutics. Such therapies
could include new generation probiotics, prebiotics, fecal microbiota transplanta-
tions, postbiotics, and dietary modulators. However, microbiome research has also
been associated with significant limitations, technical and conceptual challenges,
and, at times, “over-hyped” expectations that microbiome research will produce
quick solutions to chronic and mechanistically complex human disorders. Herein,
we summarize these challenges and also discuss some of the realistic promises
associated with microbiome research and its applicability into clinical application.
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20.1 Introduction

The last decade was marked by an extraordinary number of reports discussing how
microbiome composition associates with human health. Fewer studies have demon-
strated its causal role in the pathogenesis of several conditions. The microbiome
plasticity, contrasting with that of the human genome, renders it an attractive target
for the development of therapeutics. However, microbiome research also suffers
from a descriptive level of evidence, lack of causality, molecular-level understand-
ing of mechanisms, and empiric evidence, leading to premature claims of
microbiome-mediated treatments. Thus, there is a sharp contrast between public
expectations and perception of the microbiome field to actual applications already
available. This “hyper-hype” situation enables the bloom of unregulated and
unsupervised microbiome-targeting therapeutics. In this perspective, we will discuss
limitations, challenges, and potential solutions supporting the utilization of the
microbiome in several clinical contexts. Transforming the microbiome field toward
a molecular-level mechanistic understanding of its role in physiological and patho-
physiological processes may lead to the development of robust medical exploitation
of the ecosystem toward better diagnosis, prophylaxis, and treatment of a myriad of
“multifactorial” disorders.

20.2 Promises in Microbiome Research

Beneficial modulation of the microbiome for therapeutic purposes is currently a
major focus of translational research in the field. In this section, we will discuss
recent advances, the level of evidence for each application, and challenges to be
addressed before widespread implementation (Fig. 20.1). A hallmark of many of
these approaches is microbiome heterogeneity in the human population and its
related challenges and advantages.

20.2.1 Dietary and “Prebiotic” Microbiome Interventions

While most evidence point to the stability of the gut microbiome configuration in
healthy adults (Mehta et al. 2018), diet is among the strongest microbiome modu-
lators, with robust effects observed even following short exposure to an intervention
(Sonnenburg et al. 2016). The relative ease of altering one’s diet and reports on
beneficial health outcomes in the host following diet-induced microbiome alterations
(Anhê et al. 2017) render it an attractive therapeutic approach. Of the various
microbiome-modulating nutrients, dietary fibers emerge as key players. Individuals
consuming a fiber-rich diet harbor a higher abundance of bacteria producing short-
chain fatty acids (SCFA), which lead to improved metabolic health parameters (Zhao
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et al. 2018) and a beneficial outcome in IBD (Schroeder et al. 2018). Fibers could
also improve gut barrier, either by restoring physical host–microbiome separation at
the mucosal surface (Zou et al. 2018) or by correcting mucus layer defects
(Schroeder et al. 2018), and protect against infections (Desai et al. 2016;
Hryckowian et al. 2018). Nonetheless, dietary fiber may have a detrimental effect
on hepatocellular carcinoma (Singh et al. 2018b). On the other side of the spectrum,
significant reduction of carbohydrates to produce a ketogenic diet (KD) may be
beneficial for the treatment of refractory epilepsy. This effect may be mediated by
the microbiome, as KD promotes the bloom of Akkermansia muciniphila and
Parabacteroides spp., which were linked to systemic reductions in gamma-
glutamylated amino acids, elevated hippocampal gamma-aminobutyric acid/gluta-
mate levels, and consequently seizure protection (Olson et al. 2018). In addition to
the nutrient balance of the diet, restricting the quantity and timing of feeding may
beneficially affect the host through the microbiome. Individuals with obesity under-
going either short- (Dao et al. 2016) or long-term (Ruiz et al. 2017) caloric restriction
diets experience a bloom of potentially beneficial taxa, and short-term restriction was
also associated with improved insulin sensitivity. Microbiome transfer from mice
undergoing experimental autoimmune encephalomyelitis and intermittent fasting
ameliorated clinical score and spinal cord pathology; however, intermittent fasting
did not improve clinical outcomes in individuals with multiple sclerosis (Cignarella

Fig. 20.1 Promises (balloons) and challenges (sacks) associated with microbiome research. The
higher the balloon, the closest the applicability in the clinic
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et al. 2018). Noteworthily, host responses and outcomes to the intake of identical
diets can be affected by microbiome configuration (Dao et al. 2016; Korem et al.
2017), and the microbiome emerges as an important personalized feature that can
improve the predictability of a diet outcome on the human health, superior to that
based on the human genome (Rothschild et al. 2018). These observations lay the
foundations to personally tailored, microbiome-based health-promoting diets (Zeevi
et al. 2015).

20.2.2 Live Microbial Therapy (FMT and Probiotics)

One of the most promising translational achievements of microbiome research is the
therapeutic application of fecal microbiome transplantation (FMT). Following its
established efficacy in treating recurrent Clostridium difficile infections (van Nood
et al. 2013), FMT has demonstrated efficacy against other antibiotic-resistant path-
ogens, including extended-spectrum beta-lactamase (ESBL) producers (Singh et al.
2018a) and vancomycin-resistant Enterococcus (VRE) (Caballero et al. 2017).
Following antibiotics, autologous FMT rapidly restores mucosal microbiome com-
position and function in both the upper and lower gastrointestinal tract (Suez et al.
2018). FMT is also gaining attention as the means for correcting dysbiotic
microbiome and treating other noninfectious conditions. In individuals with meta-
bolic syndrome, insulin sensitivity is improved by FMT from lean donors, though
the effect is abated after 18 weeks (Kootte et al. 2017). Allogeneic FMT also
improves symptoms in the majority of patients with IBS (Mizuno et al. 2017;
Johnsen et al. 2018), ulcerative colitis (Fuentes et al. 2017; Jacob et al. 2017),
hepatic encephalopathy (Bajaj et al. 2017), as well as GI and behavioral symptoms
in children with autistic spectrum disorders (Kang et al. 2017). Nonetheless, the
aforementioned effects are transient and mostly observed only in some of the
transplanted individuals. The majority of clinical trials with FMT correlate between
the extent to which the recipient microbiome shifted toward the donor configuration
and improvement of clinical parameters (Fuentes et al. 2017; Mizuno et al. 2017;
Zuo et al. 2018), which in turn may be related to person-specific colonization
resistance (Li et al. 2016), attributed in some works to pre-FMT microbiome
configuration (Kootte et al. 2017). In order to circumvent this microbiome-conferred
resistance, several trials have applied pre-FMT antibiotics and/or bowel lavage
(Bajaj et al. 2017; Kang et al. 2017), although the contribution of these practices
to the outcome is yet unclear. As a result, these treatments are currently not available
to the public, and patients turn to homemade self-treatments, which expose them to
potentially serious adverse effects.

A common additional live microbial therapy approach is the consumption of a
limited consortium of so-called probiotic microorganisms, mostly from the Lacto-
bacillus and Bifidobacterium genera. Despite decades of research, studies on health
claims or probiotics are often contested due to conflicting reports, for example,
recent publicly funded large-scale studies showing no beneficial effect in the context
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of acute gastroenteritis (Freedman et al. 2018; Schnadower et al. 2018). Heteroge-
neity in therapeutic effects of probiotics may stem from variable capacity of
probiotics to colonize the gut, either transiently during supplementation (Zmora
et al. 2018) or in a persistent manner following cessation (Maldonado-Gómez
et al. 2016; Zhang et al. 2016), as both were only observed in a subset of individuals
(Zmora et al. 2018). Importantly, while fecal shedding does not reflect mucosal
colonization, the fecal microbiome can be used to predict permissiveness or resis-
tance to colonization (Zmora et al. 2018). Lack of colonization may limit the ability
of probiotics to affect the gut microbiome (Zhang et al. 2016; Zmora et al. 2018), and
both colonization and an effect on the microbiome may be required to produce a
physiological effect in the context of experimental colitis (Suwal et al. 2018) or
depression (Abildgaard et al. 2018). Colonization resistance to probiotics may be
alleviated following antibiotics treatment, a common scenario in which probiotics
are consumed as the means for the prevention of antibiotic-associated diarrhea and
reconstitution of the pre-antibiotics configuration. Interestingly, rather than facilitat-
ing post-antibiotics microbiome reconstitution, probiotics may in fact delay the
restoration of bacterial diversity in mice (Grazul et al. 2016; Suez et al. 2018) and
in humans (Kabbani et al. 2017; Suez et al. 2018), which may explain some of the
recent associations made between probiotics administered in the context of antibi-
otics and increased risk of infections (Spinler et al. 2016; Carvour et al. 2018;
Oliveira and Widmer 2018).

To conclude, live microbial therapy is currently limited in efficacy. In parallel to
addressing safety-related issues, through a better understanding of the interactions
between the resident microbiome and supplemented microorganisms (either as
probiotics or FMT) we can potentially tailor therapies that will bypass colonization
resistance and successfully colonize the GI tract of the individual. An additional
focus of research should be on the development of “new-generation probiotics,”
consisting of strains of gut-residing microbes that have shown benefits in pre-clinical
models are being explored and tested in humans (O’Toole et al. 2017).

20.2.3 “Postbiotic” Approach

A more refined approach (termed “postbiotics”) focuses on the administration of
microbiome-derived bioactive molecules, which has the advantage of bypassing
colonization resistance to the bacteria that express them. In addition, natural pro-
duction of microbial metabolites often relies on the co-existence of a dietary nutrient
(e.g., prebiotic fiber) and the presence of a metabolizing commensal, but the guts of
individuals not harboring the commensal will not produce the metabolite. Adminis-
tering the postbiotic product itself circumvents this personalization-related limita-
tion. Noteworthy recent examples are as follows: flavonoid supplementation
protected from diet-induced obesity (Thaiss et al. 2016); Muramyl dipeptide of
Gram-positive bacteria reduced adipocyte inflammation and insulin tolerance in
mice (Cavallari et al. 2017); and a membrane protein from Akkermansia muciniphila
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improved metabolism in obese and diabetic mice (Plovier et al. 2017). Bioactive
molecules can also target the microbiome, as demonstrated by inhibition of
trimethylamine production by the administration of a choline analog, potentially
reducing atherosclerosis risk (Roberts et al. 2018b).

Major challenges to this approach are understanding the response of the
microbiome and the host to the postbiotic metabolite, which may disrupt natural
regulatory circuits of its levels or activity, potentially leading to resistance or loss of
natural production. The pharmacokinetics of the metabolite should be dissected or
improved for it to reach the target site in active concentrations. As with other drugs,
the metabolite should be stable and available for mass production.

20.2.4 Microbiome Engineering

Multiple approaches fall under this broad definition, including the targeted elimina-
tion of pathogens, pathobionts, or commensals, e.g., using bacteriophages, or the
introduction of strains with a novel engineered trait. Few recent in vivo examples of
the latter include strains engineered to increase the immune response to tumors
(Zheng et al. 2017), or as biosensors to detect markers of inflammation in the gut
(Riglar et al. 2017). Coadministering a nutrient that the strains have been engineered
to exclusively utilize in the gut may assist in circumventing colonization resistance
to the newly introduced strains (Shepherd et al. 2018).

Utilizing bacteriophages to eliminate pathogens has several advantages over
antibiotics: reduced risk of promoting the spread of antibiotics resistance; specificity
to a bacterial epitope, thus not disrupting the microbial community or the host; phage
infection is self-limiting; and finally, the ease of isolating phages from the environ-
ment results in lower costs. Efficacy of phage therapy against multiple pathogens has
so far been demonstrated in vivo, with few anecdotal case reports in humans and
clinical trials performed thus far (Furfaro et al. 2018). This approach may be further
broadened to eliminate pathobionts and commensals. Nonetheless, efficient phage
therapy will require overcoming bacterial anti-phage resistance (Asija and Teschke
2018), which may benefit from better understanding or recently described phage-
cooperation mechanisms (Erez et al. 2017; Borges et al. 2018; Landsberger et al.
2018).

20.3 Microbiome in Patient Stratification

Diverging from the generalized “one size fits all” approach, precision medicine
strives to utilize individual-specific traits, measurements, and preferences in order
to achieve improved efficacy and minimize side effects of treatment and prophylaxis
modalities. Inter-individual variations in the presence, absence, and quantity of
commensal microorganisms offer a formidable additional array of markers that can
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be used for patient stratification or improved prophylaxis, with several notable
advances made in recent years.

20.3.1 Microbiome as a Diagnostic Tool

The microbiome can harbor markers useful for early diagnosis and disease-risk
prediction, superior to other, more invasive diagnostic tools. For example, children
with a high risk for developing type 1 diabetes mellitus (T1DM) exhibit dysbiosis,
decreased alpha diversity, and distinct microbiome-associated fecal and serum
metabolites even before the overt manifestations of the disease (Vatanen et al.
2018). Levels of specific gut bacteria, including Fusobacterium nucleatum, could
accurately distinguish between colorectal cancer patients and controls (Yu et al.
2017). In patients with nonalcoholic fatty liver disease, the microbiome can nonin-
vasively classify advanced fibrosis or milder presentations (Loomba et al. 2017). In
addition, microbial signatures can distinguish between patients with cirrhosis and
early hepatocellular carcinoma (Ren et al. 2018b). In pediatric ulcerative colitis
patients, microbiome markers were associated with remission, refractory disease,
and severity (Schirmer et al. 2018). Translating these works into practice will require
further validations in multiple cohorts, as well as identifying key taxonomic markers
or metabolites from the gut microbiome.

20.3.2 A Drug for Each Bug?

Nonantibiotic drugs with a human target, especially proton-pump inhibitors and
antipsychotics, can interact with the gut microbiome, potentially resulting in mod-
ulated activity or toxicity (Spanogiannopoulos et al. 2016; Maier et al. 2018).
Prominent examples include the anti-diabetic drug Metformin, which was recently
demonstrated to exert its beneficial effect by modulating the microbiome (Wu et al.
2017). Another example was recently described in the context of anti-Programmed
cell death protein 1 (PD-1) checkpoint blockade immunotherapies, used as cancer
therapies, but effective only in a subset of patients. Stratifying patients into
“responders” and “nonresponders,” specific microbiome signatures were found
between these groups, with a causative role in mediating the effect of anti-PD1
therapy (Gopalakrishnan et al. 2018; Matson et al. 2018; Routy et al. 2018).
Understanding drug–microbiome interactions could enable us to better choose
between existing therapies and identify microorganisms or metabolites that may be
used as novel adjuvants to improve drug efficacies.
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20.4 Limitations and Challenges in Microbiome Research

In addition to challenges specific to each translational aspect of microbiome research
noted above, there are further limitations to consider when addressing basic science
questions in the young and still-developing field of microbiome research (Fig. 20.1).

20.4.1 Effect of Ethnicity and Geography

The majority of trials studying the role of the microbiome in human health have thus
far focused on individuals from industrialized societies. However, differences in
diets between individuals and populations play a major role in distinguishing
between their respective microbiomes, as it was observed studying microbiome
from hunter-gatherers (Smits et al. 2017), and U.S. immigrants (Vangay et al.
2018). The contribution of diet was challenged by the notion that microbiome
composition of vegans and carnivores in an urban environment in USA is similar
(Wu et al. 2016) although this lack of distinction was hypothesized to stem from
broad dietary regimen descriptions (e.g., vegan) not being sufficiently descriptive of
the diet contents. When the amount of consumed plant material is taken into
consideration, the effect of diet is observed (McDonald et al. 2018). Indeed,
disentangling ethnicity, diet, lifestyle, and genetics is not a trivial task, especially
if small groups residing in distinct regions are characterized. A study of more than
2000 adults from six ethnicities living in Amsterdam identified an effect of ethnicity
on the microbiome configuration, which was also partly explained by diet or lifestyle
alone (Deschasaux et al. 2018). Confounding effects of ethnicity or geographical
location on microbiome configuration may be an important limitation when devel-
oping diagnostics based on microbial markers. A study encompassing 7000 indi-
viduals from 14 districts in China found that geographical signature on the
microbiome surpassed that of conditions such as type-2 diabetes, metabolic syn-
drome, and fatty liver. Consequently, machine-learning algorithms for the prediction
of disease status performed poorly when applied to a population geographically
distinct than the one used for training the predictor (He et al. 2018). It is, therefore,
crucial to increase the diversity of sampled cohort, not only to improve patient
stratification but also to potentially recognize human ancestral health-promoting
commensals that may have been lost due to industrialization (Bello et al. 2018).

20.4.2 Neglected Omes: Nonbacterial Microbiomes

Improved sequencing technologies now enable better characterization of
nonbacterial members of the microbial community. The virome may affect human
health and serve as a biomarker of disease. Successful treatment of CDI by sterile
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fecal filtrate suggests a protective role of the virome against C. difficile (Ott et al.
2017), and in another pilot study, FMT performed in CDI resulted in a successful
outcome only in the case of high richness of the recipients’ virome (Zuo et al. 2018).
Enteric viruses may elicit protective immunity during gut inflammation and amelio-
rate colitis (Yang et al. 2016). Characterization of the gut mycome is still challeng-
ing, due to great variability in the outcome with different extraction methods, as well
as poor annotation of the current fungal databases (Vesty et al. 2017). The mycome
has been receiving attention as a potential marker for IBD, but with inconsistent
results (Hoarau et al. 2016; Liguori et al. 2016; Sokol et al. 2017). Importantly, the
mycome may exert its effects on the host through interaction with the bacterial
domain (Hoarau et al. 2016). There is a great need in expanding our understanding of
the nonbacterial microbiome and unlock its therapeutic potential.

20.4.3 Extraintestinal Microbiomes

Commensal bacteria may be found in any environment-associated niche of the host
and were even suggested to be present in the placenta (Collado et al. 2016; Parnell
et al. 2017) and the brain (Roberts et al. 2018a) although the former was recently
refuted (Leiby et al. 2018). An analysis of six distinct body sites of healthy humans
demonstrated temporal stability (Lloyd-Price et al. 2017), though pathology-
associated shifts may occur. Fusobacterium nucleatum, a pathobiont of the oral
microbiome, was shown to inhibit human T cell response in CRC (Nosho 2016);
several studies suggested Fusobacterium as a good diagnostic marker for CRC,
either quantifying the bacterium itself (Wong et al. 2017; Guo et al. 2018) or serum
antibodies against it (Wang et al. 2016). DOCK8 deficiency causes in humans
recurrent skin infections; recent metagenomic analyses of the skin virome of these
patients revealed an increase in papillomavirus sequences, pointing toward the
importance of biosurveillance over viral microorganisms in genetically susceptible
individuals (Tirosh et al. 2018). Recently, an association was found among disease
exacerbation, Th17 response, and highly transcriptionally active Streptococcus and
Pseudomonas in COPD patients (Ren et al. 2018a).

20.4.4 Technical Limitations

While designing and interpreting microbiome-related trials, the following should be
considered. First, the descriptive nature of the majority of microbiome studies does
not enable to distinguish between incidences in which the microbiome has a
causative role in a phenotype and passenger effects. Causality may be demonstrated
through recapitulating a phenotype by transferring the microbial community in
question to a naive animal, or the microbe-produced metabolites. Quantifying
relative abundances of bacteria can be misleading, as an increase in the relative
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abundance of a taxon could reflect the decrease in other commensals rather than an
absolute increase in the abundance of a specific bacterium in question, and differ-
ences in microbial load among samples can produce bias in the relative quantifica-
tion (Gloor et al. 2017). Genuine bacterial quantification in a sample can be achieved
through qPCR, statistical algorithms (Rothschild et al. 2018), or combining DNA
sequencing with flow cytometry for enumeration (Vandeputte et al. 2017). Differ-
ences in the sequencing and computational analysis pipeline can lead to different
results. Analyses of 16s rDNA is a well-tested, cost-effective technology that
enables to obtain a taxonomic resolution of the microbiome composition. However,
it bears some important limitations such as providing bacterial identity solely at the
genus level, and being prone to biases due to over-amplification or diverse affinity of
the primers for different species. New algorithms utilizing error profiles, such as
DADA2 and Deblur, now enable higher resolution analyses (Callahan et al. 2016;
Amir et al. 2017). In addition, taxonomic assignment is highly dependent on
reference databases, which are incomplete. Shotgun metagenomics analysis provides
considerably more information, including functional insights and strain-level reso-
lution; however, it is also prone to bias, mostly due to the impact of the DNA
extraction method (Costea et al. 2017).

20.5 Conclusions and Prospects

The aforementioned challenges may seem to be discouraging, yet they may serve as
a guide that distinguishes between microbiome-related discoveries that are already
or will potentially be ripe for clinical application in the near future, to basic science
questions that still lack fundamental elements before they can be applied. Of the
aforementioned, microbiome targeting through FMT or probiotics is already prac-
ticed although both methods are associated with inconsistent reports of efficacy for
multiple conditions. There is a great need for additional clinical trials with FMT, as
well as nonbiased, publicly funded trials regarding probiotics, yet both methods are
likely to benefit from identifying factors mediating colonization resistance and how
to circumvent it. Integrating the microbiome to precision medicine can assist in
improving diagnosis, prophylaxis, and prognosis, but thus far is unrealistic on a
broad scale due to the cost of sequencing an individual’s microbiome and the
complexity of the analysis. In addition, it is crucial to identify markers that are
applicable across distinct populations. Basic science questions remain to be
addressed before other therapeutic approaches, including postbiotics supplement,
microbiome engineering, and phage therapy, are proven to be safe and efficacious.
Importantly, maintaining an effect of microbiome-based therapies may be affected
by the host genetics, diet, or lifestyle (Kootte et al. 2017; Smits et al. 2018). Thus, the
microbiome may serve as the first step for disease amelioration, but long-term
maintenance requires further adaptations from the patient’s side.
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Chapter 21
Endosymbiont-Mediated Adaptive
Responses to Stress in Holobionts

Siao Ye and Evan Siemann

Abstract Endosymbiosis is found in all types of ecosystems and it can be sensitive
to environmental changes due to the intimate interaction between the endosymbiont
and the host. Indeed, global climate change disturbs the local ambient environment
and threatens endosymbiotic species, and in some cases leads to local ecosystem
collapse. Recent studies have revealed that the endosymbiont can affect holobiont
(endosymbiont and host together) stress tolerance as much as the host does, and
manipulation of the microbial partners in holobionts may mitigate the impacts of the
environmental stress. Here, we first show how the endosymbiont presence affects
holobiont stress tolerance by discussing three well-studied endosymbiotic systems,
which include plant-fungi, aquatic organism-algae, and insect-bacteria systems. We
then review how holobionts are able to alter their stress tolerance via associated
endosymbionts by changing their endosymbiont composition, by adaptation of their
endosymbionts, or by acclimation of their endosymbionts. Finally, we discuss how
different transmission modes (vertical or horizontal transmission) might affect the
adaptability of holobionts. We propose that the endosymbiont is a good target for
modifying holobiont stress tolerance, which makes it critical to more fully investi-
gate the role of endosymbionts in the adaptive responses of holobionts to stress.

21.1 Background

Endosymbiosis is a ubiquitous phenomenon found in nature, which refers to two
distantly related species that exhibit close physical contact in the form of one species
living inside the other (Wernegreen 2012a). While a comprehensive definition of
endosymbiosis involves interactions that range from parasitic to mutualistic, the
latter receives increasing attention in recent years because beneficial symbionts have
been found to have significant ecological and evolutionary impacts on their hosts
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(Brucker and Bordenstein 2012). Due to the strong interdependency between the
host and the symbiont, researchers have proposed that the two parties can be viewed
as one entity called the holobiont and that they jointly determine the holobiont
phenotypes (Zilber-Rosenberg and Rosenberg 2008).

Since the holobiont’s existence relies on the well-being of both the host and the
symbiont, the stress response of one party could negatively affect the other. Thus,
species that are highly endosymbiosis-dependent could be especially vulnerable to
climate change or other types of environmental change because they may experience
mutual downfall (Coyte et al. 2015). Such vulnerability of holobionts to stress has
been observed in various endosymbiotic species. For example, corals (marine
invertebrates in the class Anthozoa) that host endosymbiotic algae (Symbiodinium
dinoflagellates) have experienced massive bleaching (loss of algae) in past decades
because of the abnormal environmental conditions, such as high temperature or high
salinity, damage the algae (Brown 1997; Baird and Marshall 2002). Similarly, short-
term exposure to heat can deplete insects of their endosymbiotic bacteria (that
provide essential amino acids to sap-feeding insect hosts (Feng et al. 2019) and
reduce their fecundity (Dunbar et al. 2007; Wernegreen 2012b). Whether holobionts
can rapidly shift their stress tolerance is receiving increasing attention, and the
answers may shed light on holobiont adaptation and future holobiont management.

According to the hologenome theory, holobiont stress tolerance could be rapidly
altered through adaptive responses of the symbiont (Zilber-Rosenberg and Rosen-
berg 2008). Compared to the host, the endosymbiont is more likely to shift holobiont
stress tolerance in the short term because of their larger population and shorter
generation times. Thus, more mutations may occur in symbionts than in hosts for
a given period, and adaptive evolution is more likely to take place in symbionts and
to occur more quickly (Lynch et al. 1991; Desai and Fisher 2007). In addition, the
holobiont may be able to respond to stress without any changes in the host, but rather
through changes in their endosymbiont composition (e.g., species or strains), which
could be the key to holobiont persistence in changing climates if host adaptation is
slow. From a holobiont perspective, as long as the endosymbiont affects the
holobiont phenotype, any genetic or non-genetic changes in the endosymbiont
could influence holobiont fitness and have ecological or evolutionary consequences.
In this review, we will discuss symbionts’ impacts on holobiont stress tolerances,
and demonstrate symbiont-mediated adaptive responses in holobionts.

21.2 Endosymbionts’ Contributions to Holobiont Stress
Tolerance

While the nutrient supplement function of the endosymbiont has long been well-
recognized, the topic of endosymbiont-mediated stress tolerance is gaining more
attention since researchers discovered that endosymbionts can play a significant role
in host development or physiology (Montgomery and McFall-Ngai 1994; Dale and
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Moran 2006). The holobiont could exhibit distinctive stress tolerance from the host
or the endosymbiont alone, providing a distinct, emergent holobiont phenotype that
is subjected to selection. For example, lichens exhibit significant higher stress
tolerance compared to that of the alga and the fungus forming the holobionts
(Lawrey 2009), which could probably be explained by the complex morphology
formed by the two partners, and their complicated biochemical interactions (Kranner
et al. 2008). Association with endosymbionts seems to alter the ecological niches of
hosts, which further facilitates their diversification into diverse environments (Ben-
nett and Moran 2015).

However, having endosymbionts does not always enhance holobiont stress tol-
erance. Whether the presence of endosymbionts has a positive or negative impact on
the holobiont’s stress tolerance could depend on the species as well as the stress type.
In other words, even the same type of endosymbiont could have opposite impacts on
the holobiont fitness with regard to different kinds of stress. Here, we would like to
introduce three of the most well-studied endosymbiotic systems to show how
endosymbionts could affect holobiont stress tolerance.

21.2.1 Plant-Fungi System

Almost all plants in nature are associated with fungi that can be categorized into
mycorrhizal fungi or endophytic fungi (Rodriguez and Redman 2008). Mycorrhizal
fungi usually reside in plant roots and rhizosphere, while the endophytic fungi may
be found throughout the entire plant (Singh et al. 2011). Although mycorrhizal fungi
are well-known for their nutrient supplementary function, both mycorrhizal and
endophytic fungi confer abiotic stress tolerance to plants, which enhance their
performance under drought, heat, or high salinity (Read 1999; Redman et al.
2002; Waller et al. 2005; Rodriguez et al. 2008). Surprisingly, such positive impacts
could be transgenerational even when the offspring is fungus-free, apparently
through epigenetic modifications of the host (Hubbard et al. 2014; Kumari et al.
2018). In some plants, endosymbionts are necessary for the plants to grow in its
native habitat. For example, Dichanthelium lanuginosum grasses growing in the
geothermal regions are colonized by fungal endophyte Curvularia protuberata,
without which they will not be able to survive in high temperature (Redman et al.
2002). Similarly, the coastal dune grass Leymus mollis hosts the fungal endophyte
Fusarium culmorum, which confers salt tolerance to the host (Rodriguez et al. 2008).
Endophytes confer such tolerance by regulating plant osmotic pressure and stomata,
stimulating the generation of antioxidative enzymes, or supplementing anti-stress
chemicals (Singh et al. 2011; Lata et al. 2018; Nanda et al. 2019). Mycorrhizal fungi
are also able to alleviate abiotic stress such as drought or high salinity by
restructuring the soil and improving water/nutrients uptake (Ruiz-Lozano and
Azcon 1995; Miller and Jastrow 2000; Begum et al. 2019). For example, arbuscular
mycorrhizal fungi (AMF)-infected Cucumis sativus cucumber plants contain higher
concentrations of inorganic nutrients and up-regulated activity of antioxidant
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enzymes than AMF-free controls under salt stress, which contributes to their higher
biomass in such environments (Hashem et al. 2018). Compared to endophytic or
mycorrhizal fungus-free plants, plants hosting these types of fungi usually exhibit
improved tolerance of stressful environmental conditions, such as salinity, heat,
drought, or heavy metals. (Nanda et al. 2019; Begum et al. 2019).

21.2.2 Aquatic Organism-Algae System

Invertebrate animals or protists in oligotrophic aquatic ecosystems often form
symbioses with algae that provide fixed forms of carbon in exchange for physical
protection and nutrients (Muscatine et al. 1967; Grube et al. 2017a). These organ-
isms have wide distributions from freshwater to marine ecosystems, and some of the
most well-studied organisms include Porifera (sponges), Cnidaria (corals, sea anem-
one, and hydra), Ciliophora (parameciums and other ciliated protists) and Forami-
nifera (amoeboid protists) (Venn et al. 2008; Nowack and Melkonian 2010; Pita
et al. 2018). The interactions between algae and these organisms have received great
attention in the past few decades because some of the algae-bearing animals, corals,
for example, are keystone species in aquatic ecosystems and are subjected to
anthropogenic disturbances (Brown 1997; Loya et al. 2001; Mieog et al. 2009).
Symbiosis breakdown in these organisms may cause ecological cascades because
they are important producers or degraders that support the growth of other creatures
and promote biodiversity (Lipps and Valentine 1970; Wichterman and Wichterman
1986; Done 1992; Hallock et al. 2006).

There are two main types of algae in photosynthetic symbiosis: Chlorella species
(green algae) and Symbiodinium species, which are mainly found in freshwater and
marine water, respectively (Venn et al. 2008). Under normal conditions, the algae fix
carbon and release oxygen (Muscatine et al. 1967; Cernichiari et al. 1969); however,
the photosynthetic system could be disrupted under heat stress or strong irradiance,
which produce harmful reactive oxygen species (ROS) that can lead to symbiosis
breakdown (Murata et al. 2007; Grube et al. 2017b). Studies in corals and sea
anemone have revealed that stressed algae in the animal hosts accumulate ROS
and induce cell apoptosis (Dunn et al. 2007; Weis 2008). The hosts then digest or
expel algae as a protective mechanism, which is known as bleaching (Buddemeier
et al. 2004; Smith et al. 2005; Downs et al. 2009; Császár et al. 2010). In contrast,
host cells without algae showed limited stress response under elevated temperatures
(Strychar and Sammarco 2009; Sammarco and Strychar 2009). Coral larvae that are
free of algae lack transcriptional responses to oxidative stress during heat stress
(Rodriguez-Lanetty et al. 2009). In addition, Yakovleva et al. (2009) showed that
algal-free coral larvae had higher survival compared to algal-bearing larvae in heat-
stress experiments. Green hydra (Hydra viridissima) also exhibited a similar pattern
with the presence of algae having non-positive impacts on hydra thermal tolerance,
although contrasting results were found in Paramecium species with positive effects
of algae presence (Iwatsuki et al. 1998; Salsbery and Delong 2018; Ye et al. 2019b).
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The high sensitivity of photosynthetic systems to heat and light stress indicates that
the photosynthetic endosymbionts could negatively impact the host under certain
abiotic stresses, and make the holobiont more susceptible to environmental pertur-
bations (Murata et al. 2007; Mathur et al. 2014). On the other hand, studies on
Paramecium bursaria and sea anemone show that endosymbiotic algae can protect
the holobiont from UV radiation by both physical and biochemical mechanisms and
hosts that had their endosymbionts removed received more damage (Hörtnagl and
Sommaruga 2007; Summerer et al. 2009; Shinzato et al. 2011). Thus, whether the
presence of photosynthetic endosymbionts increases or decreases, the host stress
tolerance depends on the stress type.

21.2.3 Insect-Bacteria System

Insects are a highly diverse and abundant group of animals and many of them
associate with endosymbionts (Bahrndorff et al. 2016; Stork 2018). Usually, these
endosymbionts provide nutrients such as vitamins or amino acids to hosts, but they
are also involved in host development and immunity (Bahrndorff et al. 2016). For
example, almost all aphids host Buchnera aphidicola bacteria, which supplement
essential compounds lacking in aphids’ diet (Douglas 2009). In weevils, a symbiotic
bacteria Nardonella species is required for the development of hard cuticles
(Anbutsu et al. 2017). Being small poikilotherms, insects are susceptible to temper-
ature changes (Wernegreen 2012b), and temperature fluctuations could easily affect
endosymbionts that reside in them (Kikuchi et al. 2016). Impacts on these endosym-
bionts could potentially alter whole insect communities and ecosystems, as the
effects cascade through the food webs (McLean et al. 2016).

The endosymbiotic bacteria in insects are generally categorized into two groups:
primary endosymbionts and secondary endosymbionts (Su et al. 2013). Primary
endosymbionts are obligate microbes that are transmitted vertically, from mothers to
offspring; secondary endosymbionts are facultative microbes that are not necessary
for insect survival and can be acquired horizontally (Baumann 2005; Feldhaar 2011).
Primary endosymbionts usually have coevolved with hosts for millions of years and
are integrated into their hosts’ life cycles (Baumann 2005). The long-term coevolu-
tion with hosts drives the endosymbiont to lose genes that are redundant with those
of the host, so the bacteria might lack necessary genes to maintain functional stability
on their own (Bennett and Moran 2015). The specialized organs (bacteriocytes)
hosting these endosymbionts are also susceptible to stress (Shan et al. 2017). Thus,
these key endosymbionts could be easily lost during environmental stress and
negatively impact insect hosts (Moran 2016). For example, high temperature has
shown similar effects as antibiotics on an obligate bacterial symbiont in the stinkbug
Nezara viridula, suppression of which reduces the host growth and body size
(Kikuchi et al. 2016). Aphids that were exposed to 25–30 �C also experienced
declines in their obligate endosymbiotic Buchnera bacteria (Montllor et al. 2002).
Moreover, such declines in endosymbionts could have further negative impacts on
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offspring because the transmission rate of endosymbionts is also largely reduced
(Feldhaar 2011). It is given that global climate change could dramatically reshape
the current climate, such as increasing the occurrence of extreme temperatures and
insects that are highly dependent on primary endosymbionts would face great
challenges and may even become extinct (Moran 2016). In contrast, species that
are not associated with primary endosymbionts may be more likely to expand their
ranges and potentially become invasive (Moran 2016). While the primary endosym-
bionts may fail during environmental stress, secondary endosymbionts may rescue
the hosts from the loss of their obligate endosymbionts (Koga et al. 2003;
Wernegreen 2012b). For instance, aphids that were eliminated of their primary
Buchnera endosymbionts due to heat stress experienced a decrease in their fecun-
dity, but inoculation of secondary endosymbionts partially restored their fertility
(Montllor et al. 2002). The secondary endosymbionts could also confer novel traits
to hosts and improve their stress tolerance (Russell and Moran 2006; Heyworth and
Ferrari 2015). Since the primary endosymbionts and secondary endosymbionts
differ in their evolutionary history and intimacy with hosts, their impacts on host
stress tolerance can be quite distinctive (Baumann 2005; Wernegreen 2012b; Su
et al. 2013).

21.3 Adaptive Responses of Holobionts to Stress Via
Endosymbionts

Due to the intimacy between the endosymbiont and the host, the holobiont pheno-
type can be largely influenced by the former in addition to the host (Zilber-
Rosenberg and Rosenberg 2008). The presence of endosymbionts could confer
novel traits to hosts and enable the holobionts to expand into new niches, but
could also increase their sensitivity to stress (Stoecker et al. 2009; Wernegreen
2012a; Moran 2016). Since large-scale endosymbiosis breakdowns have already
occurred with severe ecological consequences, one key question is whether
holobionts are able to alter their stress tolerance via symbiont changes to alleviate
the stress (Császár et al. 2010; Singh et al. 2013; Hurst 2017; Simon et al. 2019).
Here, we will discuss some common strategies of holobionts responding to stress.

21.3.1 Impacts of Existing Symbiont Composition Alteration

Hosts could associate with multiple potential endosymbiont genotypes or species,
and one-to-one obligate endosymbiosis is rare in nature (Douglas 1998; Fabina et al.
2012). The diverse symbionts serve as a pool from which holobionts could choose
optimal partners because these symbionts exhibit distinctive phenotypes in vitro
(i.e., when grown outside a host) and thus, the tolerance they can confer in vivo (i.e.,
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to their hosts) (Baskett et al. 2009; Wietheger 2012). According to the hologenome
theory, holobionts can achieve rapid shifts in stress tolerance by taking advantage of
the existing symbiont variation in three ways: (1) symbiont amplification (change in
relative abundances of diverse associated symbionts); (2) novel symbiont acquisition
(uptake of novel symbionts horizontally, i.e. from the environment or other
holobionts); (3) horizontal gene transfer (transfer of genes among symbionts or
between symbionts and hosts) (Zilber-Rosenberg and Rosenberg 2008).

21.3.1.1 Endosymbiont Amplification

Holobionts hosting diverse endosymbionts can adjust to environmental changes
through the amplification of those that maximize holobiont fitness (Zilber-
Rosenberg and Rosenberg 2008). Endosymbiont diversity could be higher than
expected because low-density microbes are hard to detect (Rosenberg and Zilber-
Rosenberg 2018). For example, critical endosymbiotic bacteria that are part of
diverse assemblages may be rare in cicadas and at risk of failing to be passed on
to offspring by their mothers, so these types of bacteria may be passed on in
relatively much higher numbers than bacteria groups that have low diversity (and
high per strain abundance) in the host (Campbell et al. 2018). In corals,
Symbiodinium diversity is high not only in the community but can also be high
within an individual (Quigley et al. 2014; Boulotte et al. 2016; LaJeunesse et al.
2018). As coral thermal tolerance is largely determined by the endosymbionts,
amplification of certain types of endosymbionts may greatly alter the holobiont
stress tolerance (Cunning and Baker 2013; Zhao et al. 2013; Rosenberg and
Zilber-Rosenberg 2018). Researchers have revealed that Symbiodinium species
vary in their stress tolerances (Goyen et al. 2017). Heat sensitive Symbiodinium
produces more ROS when subjected to heat stress, and their growth rates in vitro are
also suppressed (Wietheger 2012; Karim et al. 2015; Goyen et al. 2017). Corals
associated with these sensitive Symbiodinium are more likely to bleach under stress,
but they can become more resistant by shifting to stress-tolerant endosymbionts
(Berkelmans and van Oppen 2006; Jones et al. 2008). Jones et al. (2008) found that
the relative abundance of stress-tolerant endosymbionts increased at both commu-
nity and individual levels after stress occurred even though they were previously
dominated by stress-sensitive endosymbionts. In addition, corals that become dom-
inated by stress-tolerant endosymbionts after stress can better withstand future stress
(Cunning et al. 2015). The improved stress tolerance is not only a result of the
increase in tolerant endosymbionts but also due to the elimination of intolerant
endosymbionts (Kinzie et al. 2001; Buddemeier et al. 2004). Similarly, insects
usually harbor heat-sensitive endosymbionts under normal conditions, which are
crucial to maintaining physiological function (Baumann 2005; Moran 2016). While
these primary endosymbionts are eliminated by heat stress, some tolerant secondary
endosymbionts could survive and rescue the host from malfunction (Montllor et al.
2002; Wernegreen 2012b; Shan et al. 2017). Amplification of rarer but more stress-
tolerant endosymbionts appears to be a common method for holobionts to achieve
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higher stress tolerance and persist in climate change but the dominance of stress-
sensitive endosymbionts in benign conditions suggests a trade-off between stress
tolerance and other potentially beneficial traits (Baskett et al. 2009).

21.3.1.2 Novel Endosymbiont Acquisition

Novel endosymbiont acquisition is another mechanism for holobionts to alter their
stress tolerance (Zilber-Rosenberg and Rosenberg 2008; Sudakaran et al. 2017).
Many endosymbionts have a free-living stage in their life cycles, during which they
are released into the environment and can be picked up by hosts (Bright and
Bulgheresi 2010; Drown et al. 2013). For example, endosymbiotic fungi are rich
in soil, and settled plants can form associations with nearby fungi (Rodriguez and
Redman 2008). Corals are able to conduct both vertical transmission and horizontal
transmission, through the latter they are able to pick up novel endosymbionts (Byler
et al. 2013; Suzuki et al. 2013). Such acquisition of novel endosymbionts appears to
be common and may be key to species radiation (Richardson 2001; Sudakaran et al.
2017). Chong and Moran (2018) discovered Geopemphigus aphids lost their obli-
gate Buchenera endosymbionts over evolutionary time but established endosymbi-
osis with a new type of bacteria. Since endosymbionts vary in their response to
stress, tolerances conferred to hosts by different endosymbionts could also vary. Ye
et al. (2019a) found that when the same aposymbiotic green-hydra strain was
inoculated with algae isolated from different hydra populations, the hydra varied
widely in their thermal tolerances. This indicates hydra may be able to alter their
thermal tolerance by switching which algae they harbor. Marine ecologists have
proposed that such endosymbiont switching could rescue corals from extinction
under climate change because some Symbiodinium species are more resistant to
stress (Berkelmans and van Oppen 2006; Gilbert et al. 2010). Plants are also able to
acquire stress tolerance by associating with specific endosymbiotic fungi (Rodriguez
and Redman 2008). Curvularia isolates (a type of fungal endophyte) from the
geothermal regions can confer thermal tolerance to fungal-free plants by establishing
endosymbiosis with hosts, which also suggests that stress tolerance could be
acquired horizontally (Redman et al. 2002). In aphids, the artificial inoculation of
two facultative endosymbionts increased their resistance to heat stress, in contrast,
those that only hosted obligate endosymbionts had significantly lower reproduction
success (Montllor et al. 2002). These data indicate that association with novel
endosymbionts may alleviate stress in holobionts.

21.3.1.3 Horizontal Gene Transfer Among Endosymbionts

Horizontal gene transfer is an important force that shapes the endosymbiont pheno-
type, and thus, the holobiont phenotype (Gogarten and Townsend 2005; Singh et al.
2013). Such gene exchanges are common in both eukaryotes and prokaryotes, which
indicates all kinds of endosymbionts, from bacteria to algae and fungi, are able to
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acquire novel traits horizontally (Keeling and Palmer 2008; Boto 2014). Research in
plant-associated endosymbionts revealed the signs of intra-clade horizontal gene
transfer, which affected plants’ secondary metabolism (Pinto-Carbó et al. 2016). In
an endosymbiotic Chlorella species from Paramecium, researchers detected gene
fragments that might have originated from a virus (Rautian et al. 2009). Since viruses
can be inserted into multiple kinds of species and package additional cellular genes,
the endosymbiont could acquire novel genes indirectly (Lambowitz and Belfort
1993; Keese 2008). For example, three phages were found to contain functional-
photosynthesis genes probably from different cyanobacteria, and cyanobacteria form
endosymbioses with a variety of species, including corals, algae, and fungi (Lindell
et al. 2004; Kranner et al. 2008; Kvennefors and Roff 2009; Grube et al. 2017a). In
addition, the horizontal gene transfer could happen between endosymbionts and
their hosts. Moran and Jarvik (2010) discovered aphids may acquire their carotenoid
biosynthetic genes from fungi, and Chapman et al. (2010) detected that the hydra
genome contains several bacteria-originated genes. The horizontal gene transfer
could contribute to endosymbiont stress tolerance and impact holobiont persistence
under stress (Webster and Reusch 2017).

21.3.2 Impacts of Symbiont Adaptation and Acclimation

In addition to utilizing existing genetic variation in endosymbionts, holobionts could
respond to environmental stress through adaptation and acclimation responses in
their microbial partners (Webster and Reusch 2017). Adaptation and acclimation are
two major mechanisms that alleviate organisms’ stress in changing environments,
which could take place in both the endosymbiont and the host (Zilber-Rosenberg and
Rosenberg 2008; Fitt et al. 2009; Bellantuono et al. 2012; Palumbi et al. 2014).
However, microbes have higher plasticity and adaptability compared to host organ-
isms (Terzaghi and O’Hara 1990), which suggests holobiont stress tolerance can be
altered simply through symbiont acclimation or adaptation, which is especially
critical for species hosting low-diversities of endosymbionts (Drown et al. 2013;
Morrow et al. 2017).

21.3.2.1 Adaptation

Adaptation involves genetic changes due to natural selection on the population level,
which results in a shift in the mean phenotypes. As microbes typically have very
short generation times, their adaptation could be relatively fast compared to hosts
(Zilber-Rosenberg and Rosenberg 2008; Allemand and Furla 2018). For instance,
the doubling time of Symbiodium species is typically between days to months, but up
to years for their coral hosts (Berkelmans and van Oppen 2006; Allemand and Furla
2018; Kumari et al. 2018). In addition, the endosymbiont population size far exceeds
that of the host because one individual holobiont could contain thousands of
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endosymbionts (Bossert and Dunn 1986; Fitt et al. 2000; Mira and Moran 2002).
This suggests that mutations are more likely to occur in the endosymbionts and
provide an opportunity for adaptation.

Studies on endosymbiotic species have confirmed intra-species adaptation in
endosymbionts. Rodriguez et al. (2008) found that the same fungal species may or
may not confer stress tolerance based on habitats from which they are collected.
Fungi that were isolated from geothermal habitats or costal habitats conferred
thermal tolerance or drought/salinity tolerance to host plants, respectively. However,
the same species collected from non-stressful habitats did not improve the plant
stress tolerance when they were introduced into hosts. Local adaptation of endo-
symbionts was also observed in corals (Howells et al. 2012). Howells et al. (2012)
compared the stress response of a general Symbiodinium type from a warmer reef
and a control reef. They found even after multiple-asexual generations cultivated in
the lab, the endosymbionts from the warmer region exhibited lower stress response,
such as higher survival and quantum yield, to elevated temperature than endosym-
bionts from the control. The endosymbiotic bacteria Buchnera in aphids are also
found to control aphid thermal tolerance (Dunbar et al. 2007). A single nucleotide
mutation in Buchnera determines the thermal tolerance of aphids, and both high-
temperature adapted, and low-temperature adapted strains can be found in the wild
population. This suggests aphids hosting different Buchnera strains might diverge in
their ecological niches and adapt to different environments. Attempts have also been
made to test the adaptability of endosymbionts. Chakravarti et al. (2017) conducted
experimental evolution on Symbiodinium species, and they found that the endosym-
bionts were able to improve their stress tolerance over two years. They raised algae
in in vitro at an elevated temperature of 31 �C for about 80 generations and observed
improvement in the growth rate and decrease in ROS production when subjected to
stress. However, they did not detect significant differences in thermal tolerance
between corals inoculated with the selected algae and corals with wild-type algae.
Since the host may fail to adapt fast enough to keep up with environmental change,
endosymbiont adaptation may allow the holobiont more time to adapt.

21.3.2.2 Acclimation

Acclimation is a reversible physiological process of organisms to deal with stress,
which involves no genetic changes but adjustments in gene expression (Collier et al.
2019). The word “acclimation” is sometimes used interchangeably with the word
“acclimatization”, but the latter usually refers to a more comprehensive concept, and
in holobiont studies, it may include a broader range of microbial responses, such as
endosymbiont amplification or switching (Webster and Reusch 2017; Collier et al.
2019). Here, we use the term “acclimation” to describe such phenotypic plasticity
without genetic changes.

Acclimation has been observed in holobionts by investigating their responses
under stress over prolonged periods. For example, corals exposed to high tempera-
ture are able to adjust their metabolisms in both the host and the endosymbiont,
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which reflects non-genetic adaptive responses to stress in both parties (Gibbin et al.
2018; Morikawa and Palumbi 2019). In another acclimation experiment, while the
coral calcification rate was strongly suppressed under short-term high CO2 exposure,
it was able to recover over long-term exposure (Form and Riebesell 2012). In
addition, the holobiont can acclimate not only to increase in stress intensity but
also in stress variability (Mayfield et al. 2012), and the acclimatory ability differs
among populations (Kenkel and Matz 2016). In fact, acclimation can effectively
assist holobionts to persist in stress because preconditioning to sub-lethal stress
improves the holobiont’s tolerance towards subsequent acute stress (Bellantuono
et al. 2012; Hawkins and Warner 2017).

Recent studies have shown the acclimatory responses of endosymbionts.
Takahashi et al. (2013) inspected how long-term elevated temperature affected
photosynthesis systems of Symbiodinium species in vitro under heat stress, and
they found acclimation to high temperature could improve the thermal stability of
the endosymbiont. Transcriptome analysis of endosymbionts in corals and clams
reveals gene expressions related to photosynthesis, membrane lipid synthesis, and
ROS scavenging are mostly altered (Mayfield et al. 2014; Levin et al. 2016; Gierz
et al. 2017; Alves Monteiro et al. 2019). In contrast, Palumbi et al. (2014) analyzed
the transcriptome profiles of the host and the endosymbiont in corals reciprocally
transplanted between high variation pools and low variation pools. They found the
acclimation was mainly attributed to the host instead of to the endosymbiont.
Symbiodinium species seem to be more responsive to higher stress because their
transcriptome changes increased with the concentration of a toxic pollutant (Gust
et al. 2014).

However, studies on how acclimation in the endosymbiont affects holobiont
stress tolerance are still limited because most studies measured responses of the
holobiont where the symbiont and the host are usually treated as an intact entity. Due
to the intimacy between the symbiont and the host, it is usually difficult to isolate the
net impacts of endosymbiont acclimation. Recently, Bui and Franken discovered
that the endosymbiotic fungi can acclimate to heavy-metal stress (Zn) in culture, and
confer Zn tolerance to host plants when introduced into hosts (Bui and Franken
2018). Using green hydra as a model system, Ye et al. (2019b) found that although
the presence of endosymbionts reduced green hydra thermal tolerance before accli-
mation, it did not affect the acclimation rate or maximum thermal tolerance after
acclimation. They also constructed green hydra that had only the endosymbionts
(algae) or hosts (hydra) acclimated to high temperature and showed that acclimation
in either party improved green hydra thermal tolerance and that these positive effects
could last for multiple asexual generations. Together, these studies provide evidence
that acclimation in endosymbionts alone could improve stress tolerance in
holobionts, and we suggest that more attention to be given to this relatively poorly
studied topic.
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21.4 Heritability of Symbiont-Mediated Traits

Whether the holobiont can be considered as an integrated unit experiencing natural
selection is still under debate, because it addresses a core question: what is a
biological individual? (Douglas and Werren 2016; Theis et al. 2016; Suárez 2018).
A key question that should be answered is how heritable the microbes associated
with hosts are, which is critical for the reproduction of an adapted holobiont. Some
researchers have claimed that host-associated microbes could be shaped simply by
opportunity and environmental filters, and the transmission fidelity is low (Moran
and Sloan 2015; Douglas and Werren 2016). In this review, we focus specifically on
endosymbiont–host interactions in which the endosymbiont is a necessary compo-
nent of the holobiont phenotype.

There are two endosymbiont transmission modes in holobionts: vertical and
horizontal transmission. In vertical transmission, offspring inherit symbionts directly
from their parents (Ferdy and Godelle 2005). An extreme case could be the mito-
chondria, which originated from bacteria but can now be found in most eukaryotes
(Birky 1983; Gray et al. 2001; Ferdy and Godelle 2005). Green hydra transmit their
algae to offspring during both sexual and asexual reproduction, and offspring are
born with algae from parents (Campbell 1990; Hamada et al. 2018). Aphids are able
to selectively transmit their obligate Buchnera endosymbionts to offspring through
complicated cellular regulations while preventing facultative endosymbionts from
transmission (Koga et al. 2012). Vertically transmitted endosymbionts can be
considered as heritable extended genomes with high fidelity, and traits conferred
by this type of symbiont are also heritable (Hurst 2017). In contrast, holobionts
conducting horizontal transmission may not receive symbionts from their parents but
may take up random ambient symbionts (Bright and Bulgheresi 2010). The disas-
sociation between the host and the symbiont could result in the loss of acquired
beneficial symbionts, and random symbiont colonization of the host would disqual-
ify the holobiont being a selection unit (Douglas 1998). Surprisingly, recent studies
reveal that inheritance is not completely random in horizontally transmitted endo-
symbionts. A study on corals found both vertically and horizontally transmitted
symbionts are partially heritable for which the host genes might be responsible
(Quigley et al. 2017, 2019). They discovered corals inherited shuffled (changes in
relative abundances) endosymbionts years after bleaching happened, which indi-
cates holobionts are able to maintain the stability between endosymbionts and hosts.
Schweitzer et al. (2008) also discovered non-random assembly of below-ground
microbes associated with plants, suggesting an unknown mechanism of microbe
recruitment. In a stinkbug, offspring is able to pick up the beneficial symbiont from
the environment every generation, which demonstrates a high fidelity between the
microbe and the host can be kept in horizontal transmission (Kikuchi et al. 2007). All
of these suggest potential inheritance of horizontally transmitted symbionts, even if
it is not as perfect as that of vertically transmitted ones.

Perhaps, more important questions are: do both transmission modes allow
holobionts to adapt to the changing environment, and how do they impact the
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adaptability? Roughgarden (2018) used a simulation model to show that holobionts
using either transmission mode are able to evolve, regardless of whether there is a
disassociation between the host and the symbiont. Yet, it does not tell how
holobionts may react to increasing environmental stress with different transmission
modes. On one hand, the vertical transmission allows the direct inheritance of
adaptive endosymbionts in offspring, but it imposes a strong bottleneck effect on
the population of endosymbionts the offspring could get (Mira and Moran 2002;
Drown et al. 2013). Endosymbiont diversity could be depleted over time, and the
microbes may become maladaptive once the ambient condition changes (Dusi et al.
2014). For example, psyllid insects that conduct vertical transmission have low
diversity in their bacterial endosymbionts, and in some cases become clonal within
the host (Morrow et al. 2017). Loh et al. (2001) also showed higher endosymbiont
genetic heterogeneity among populations that exist in vertically transmitted corals
than in horizontally transmitted corals. On the other hand, horizontal transmission
enables the holobiont to associate with a great variety of endosymbionts, so they may
have access to more adaptive endosymbionts (Bright and Bulgheresi 2010; Byler
et al. 2013). However, these holobionts might lose adaptive endosymbionts between
generations by chance, which reduces their fitness over time (Douglas 1998).
Research in human culture transmission could be enlightening in which similar
concepts such as vertical transmission and oblique transmission of cultures or
knowledge are studied (Fogarty and Feldman 2015). Some of the major findings
are vertical culture transmission is favored under stable conditions, while the
horizontal transmission is favored under fluctuating conditions (McElreath and
Strimling 2008; Xue and Leibler 2016; Ram et al. 2018, 2019). Nevertheless,
there could be fundamental differences between culture transmission and endosym-
biont transmission, and research in a holobiont context is needed.

21.5 Summary

Endosymbiotic species make significant contributions to our ecosystems, and dis-
ruption in endosymbiosis due to their prevalence in nature would be devastating to
humans (Wernegreen 2012a). Climate change has already threatened some of the
most important ecosystems on the Earth, which are built on endosymbiosis (Hoegh-
Guldberg et al. 2007; Veron et al. 2009). Understanding how stress tolerance of
endosymbiotic species is controlled will shed light on conservation methods and
ways to mitigate damage. Since the endosymbiont plays a critical role in holobiont
stress tolerance and is more easily manipulated, targeting the microbes seems to be a
promising approach (Mueller and Sachs 2015). Here, we have summarized how
endosymbionts can affect holobiont stress tolerance and demonstrated that we can
alter holobiont stress tolerance via manipulating the existing associated endosymbi-
onts, as well as inducing adaptive responses in them. For example, we can alter the
microbial composition of holobionts, subject microbes to selection or acclimation, or
engineer them to improve holobiont fitness under stress (Levin et al. 2017;

21 Endosymbiont-Mediated Adaptive Responses to Stress in Holobionts 571



Chakravarti and van Oppen 2018; Ye et al. 2019a, b). We believe that there is much
potential in endosymbiotic microbes of which we can take advantage to improve our
practices in agriculture, forestry, and conservation, especially as environmental
conditions are rapidly changing.
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Chapter 22
Microbial Metabolites as Molecular
Mediators of Host-Microbe Symbiosis
in Colorectal Cancer

J. M. Keane, S. A. Joyce, C. G. M. Gahan, N. P. Hyland, and A. Houston

Abstract The symbiosis between the gut microbiota and the host has been identi-
fied as an integral part of normal human physiology and physiological development.
Research in germ-free or gnotobiotic animals has demonstrated the importance of
this symbiosis in immune, vascular, hepatic, respiratory and metabolic systems.
Disruption of the microbiota can also contribute to disease, and the microbiota has
been implicated in numerous intestinal and extra-intestinal pathologies including
colorectal cancer. Interactions between host and microbiota can occur either directly
or indirectly, via microbial-derived metabolites. In this chapter, we focus on two
major products of microbial metabolism, short-chain fatty acids and bile acids, and
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their role in colorectal cancer. Short-chain fatty acids are the products of microbial
fermentation of complex carbohydrates and confer protection against cancer risk,
while bile acids are compounds which are endogenous to the host, but undergo
microbial modification in the large intestine leading to alterations in their bioactivity.
Lastly, we discuss the ability of microbial modulation to mediate cancer risk and the
potential to harness this ability as a prophylactic or therapeutic treatment in colo-
rectal cancer.

Keywords Butyrate · Bile · Gut microbiota · Colon · Tumorigenesis

22.1 The Gut Microbiota

The human microbiota is a community of bacteria, archaea, protists, fungi and
viruses that live in and on the human body (Group NHW et al. 2009). The term
gut “microbiome” is sometimes used synonymously with the gut “microbiota” but
can also refer to the full collection of genes present in the microbiota of a commu-
nity. The cells of our microbiota are estimated to outnumber our nucleated human
cells by a ratio of approximately 13:1, about 70% of which occupy our gastrointes-
tinal (GI) tract (Sekirov et al. 2010). A symbiotic relationship exists between the
microbiota and host, and this relationship plays a vital role in host immune modu-
lation, metabolism, inhibition of pathogens and structural development (Quigley
2013; Patel and Lin 2010). Members of the microbiota may be classified by the
nature of their symbiotic relationship with the host, ranging from harmful pathogens
to beneficial probiotics. These probiotic bacteria are characterised as “live microor-
ganisms that, when administered in adequate amounts, confer a health benefit on the
host”, while prebiotics are “selectively fermented ingredients that result in specific
changes in the composition and/or activity of the gastrointestinal microbiota, thus
conferring benefit(s) upon host health” (Davani-Davari et al. 2019; Marteau et al.
2001; Food and Agriculture Organization of the United Nations, World Health
Organization 2002).

The gut microbiota comprises over 5000 bacterial species and 3 million genes in
a typical individual, with possibly over 35,000 species in the collective human
microbiome (Pasolli et al. 2019; Frank et al. 2007). It is dominated by the phyla
Firmicutes and Bacteroidetes, featuring smaller proportions of Proteobacteria,
Verrucomicrobia, Actinobacteria, Fusobacteria and Cyanobacteria (Quigley
2013; Eckburg et al. 2005). This consistency of phyla, combined with significant
inter-individual variation within the phyla, suggests a selective pressure to main-
tain the higher taxonomic structure with a functional redundancy at lower levels
(Eckburg et al. 2005; Gill et al. 2006). The upper GI tract contains relatively few
microbial inhabitants. The stomach and duodenum contain approximately 102

organisms per gram of contents. This rises to 104–107 in the jejunum, finally
reaching ~109 colony-forming units (CFUs)/mL in the terminal ileum and
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~1012 CFU/mL of primarily anaerobic bacteria in the colon (Quigley 2013; O’Hara
and Shanahan 2006). The composition also changes along the length of the GI
tract, with Bacillus and Actinobacteria enriched in the small intestine, while
Bacteroidetes and Lachnospiraceae are enriched in the large intestine (Frank
et al. 2007).

The intestinal tract is generally considered sterile at birth, with colonisation
beginning immediately through contact with the mother and environmental bacte-
ria. Recent research, however, has suggested colonisation of the placenta by
Streptococcus agalactiae in approximately 5% of pregnancies. However, the
possibility remains that this is a result of sample contamination (Mandar and
Mikelsaar 1996; de Goffau et al. 2019). The newborn microbiota is reflective of
the mode of delivery, with babies delivered by Caesarean section having a
microbiota characterised by fewer Bifidobacterium species compared to vaginal
births (Huurre et al. 2008). The shift towards an adult microbial composition
begins during weaning before the microbiota stabilises at approximately
1–2.5 years of age (Voreades et al. 2014). The microbiota then remains largely
stable in the absence of disruptions such as long-term dietary changes or migration
(Maskarinec and Noh 2004; Turnbaugh et al. 2008). Further changes to the
microbiota are observed later in life, such as a reduction in diversity and in the
number of symbiotic species, and an increase in enteric bacteria, which may be
associated with the age-related physiological decline (Nagpal et al. 2018; O’Toole
and Claesson 2010; Claesson et al. 2012).

22.1.1 Host-Microbe Symbiosis and Physiological
Development

The ancient association and co-evolution between host and microbe have led to the
deep integration of the microbiota into normal physiological processes and devel-
opment. This is illustrated by germ-free (GF) animals, which, in the absence of
normal gut microbiota, display several developmental abnormalities including an
immature immune system (Smith et al. 2007). Potential mechanisms by which the
neonatal microbiota mediate the development of the immune system differ between
bacterial species, and likely involve the interacting influences of many different taxa.
GF mice have a suppressed T Helper Type 1 (Th1) cell response that can be restored
by monocolonisation with Listeria monocytogenes, which stimulates interleukin
(IL)-12 production in macrophages. Likewise, the reduction in Th17 cells observed
in these animals can be normalised by colonisation by segmented filamentous
bacteria (SFB), leading to the release of serum amyloid A from intestinal epithelial
cells (Tibbs et al. 2019). Colonisation with SFB also upregulated the production of
immunoglobulin A, which is crucial for a tolerance of commensal microbiota by the
mucosal immune system (Klaasen et al. 1993; Mathias et al. 2014).
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The host immune response also modulates the composition of the gut
microbiota, and the ability of the mucosal immune system to differentiate between
commensal and pathogenic bacteria is a topic of ongoing research (Yap and Mariño
2018). Members of the gut microbiota interact with the host directly by signalling
through pathogen recognition receptors, such as Toll-like Receptors (Gold et al.
2004). The gut microbiota also produces a wide array of bioactive bacteria-derived
metabolites, both from compounds endogenous to the host, e.g. bile acids, or
exogenous compounds such as those found in the diet or environment, which
allow them to interact indirectly with the host. These metabolites can also play
an important role in host health and disease, including colorectal cancer (CRC)
(discussed in Sect. 22.3).

22.2 Host-Microbiota Interactions in Colorectal Cancer

There is precedence for the involvement of bacteria in GI cancer. Helicobacter
pylori, for example, is the strongest known risk factor for gastric cancer (Wroblewski
et al. 2010). Given the close apposition between the gut microbiome and colonic
epithelium, in particular, research efforts have focussed on the role of the microbiota
in colon cancer (Table 22.1) (Hope et al. 2005). The proposed mechanisms by which
the microbiota may impact CRC include effects on the immune system and proto-
oncogenic pathways such as proliferation and apoptosis, while microbial metabolites
can have pro- and anti-tumorigenic associations (Macarthur et al. 2004). The
strongest links between the microbiota and potentially cancer-promoting inflamma-
tion involve pathogenic species such as Fusobacterium nucleatum or enterotoxi-
genic Bacteroides fragilis, both of which have been positively correlated with CRC
(Wu et al. 2019; Haghi et al. 2019). The role of the microbiota in proliferation is
evident in GF mice which display smaller intestinal crypts with a lower mitotic index
(Nowacki 1993), while the microbiota can mediate apoptosis via a number of
mechanisms including the production of butyrate (Sect. 22.3.1). Moreover, tumour
formation is reduced in GF animals (Yang et al. 2017), with faecal microbial transfer
from CRC patients to GF mice increasing tumorigenesis in these animals (Ellmerich
et al. 2000; Horie et al. 1999; Scanlan et al. 2008). This capacity to regulate both
intestinal proliferation and apoptosis highlights the importance of this delicate
symbiotic relationship, which could contribute to cell cycle disruption if
dysregulated.

Substantial evidence exists in animal models for the role of gut bacteria in
promoting CRC. These studies primarily utilise mouse models either genetically
predisposed to CRC such as the APCMIN mouse or use genotoxic compounds such
as azoxymethane (AOM), or its precursor dimethylhydrazine (DMH), to chemically
induce CRC. AOM can also be combined with dextran sodium sulphate (DSS) to
model colitis-associated CRC. In this AOM/DSS model, manipulation of the
microbiota with antibiotics reduced tumorigenesis, but had conflicting effects in
APCMIN mice (Zackular et al. 2013; Kaur et al. 2018). Antibiotic treatment was
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protective in APCMIN mice when compound mutations in DNA repair or interleukin
receptor genes were present (Kaur et al. 2018; Xiao et al. 2010; Belcheva et al.
2014). Furthermore, Onoue et al. observed decreased numbers of aberrant crypt foci
(ACF) in DMH-treated GF rats compared to conventional rats (Onoue et al. 1997).
Conversely, the administration of bacteria associated with cancer risk, for example,
Streptococcus bovis or F. nucleatum, to susceptible animals was shown to increase
proliferation, inflammation and tumorigenesis (Yang et al. 2017; Ellmerich et al.
2000). Tumour multiplicity was also increased in gnotobiotic (GB) rats colonised by

Table 22.1 Bacteria associated with human CRC (modified from Jahani-Sherafat et al. (2018))

Sample Bacteria References

Faecal Fusobacterium nucleatum Suehiro et al. (2017), Wong
et al. (2017), Liang et al.
(2017)

Tumour F. nucleatum Castellarin et al. (2012), Li
et al. (2016), Mima et al.
(2016)

Faecal F. nucleatum, Clostridium difficile Fukugaiti et al. (2015)

Tumour F. nucleatum, Bacteroides fragilis Wei et al. (2016)

Faecal,
mucosal

F. nucleatum, Enterobacteriaceae Mira-Pascual et al. (2015)

CRC F. nucleatum, Pan-fusobacterium Tahara et al. (2014)

Tumour Fusobacterium Marchesi et al. (2011), Kostic
et al. (2012)

Tumour Fusobacterium, Providencia Burns et al. (2015)

Tumour Fusobacterium, Firmicutes Gao et al. (2015)

Faecal Fusobacterium, Atopobium/Porphyromonas Ahn et al. (2013)

Faecal Fusobacterium, Porphyromonas Sinha et al. (2016)

CRC Fusobacterium, Enterotoxigenic B. fragilis
(ETBF)

Viljoen et al. (2015)

Tumour Fusobacterium, Roseburia Geng et al. (2013)

Tumour Fusobacterium, Enterococcus faecalis, ETBF Zhou et al. (2016)

CRC Fusobacterium, Leptotrichia, Campylobacter Warren et al. (2013)

Faecal Bacteroides/Prevotella Sobhani et al. (2011)

Faecal E. faecalis Balamurugan et al. (2008)

Faecal,
mucosal

Bacteroidetes, Prevotella Flemer et al. (2017)

Tumour,
mucosal

Escherichia coli Swidsinski et al. (1998)

Meta-
analysis

Helicobacter pylori Zumkeller et al. (2006)

Bloodstream Streptococcus gallolyticus, Clostridium
perfringens, Clostridium septicum,
Peptostreptococcus

Kwong et al. (2018)

Bloodstream Streptococcus bovis Gold et al. (2004)

Oral Haemophilus, Parvimonas, Prevotella,
Alloprevotella, Lachnoanaerobaculum,
Neisseria, Streptococcus

Flemer et al. (2018)
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enterococci compared to GB rats without enterococci, with the tumour numbers in
the former group significantly decreased by the inclusion of probiotic strain
Bifidobacterium breve (Onoue et al. 1997). A similar result was achieved by Horie
et al. concerning adenomas, with the lowest incidence of adenoma development
observed in rats mono-associated with probiotic Lactobacillus acidophilus (Horie
et al. 1999).

Human studies present associative evidence for the role of the microbiota in CRC.
The microbiota is altered in the colon of CRC patients and in the tumour tissue
compared to healthy controls, with adenomatous polyps representing an intermedi-
ate step between the two states (Scanlan et al. 2008). The colonic mucosa is the
symbiotic interface between host and microbiota, and studies have shown colonisa-
tion of this interface by adherent and invasive Escherichia coli in carcinoma patients
(Swidsinski et al. 1998; Martin et al. 2004). Moreover, CRC patients had increased
carcinogenic microbial metabolites in their faeces compared to healthy individuals
despite both groups having similar diets, with the difference ascribed to their
different levels of enzymatically active anaerobic bacteria (Kanazawa et al. 1996).
Similarly, Lactobacillus species have been shown to reduce faecal and urinary
mutagenicity induced by fried meat consumption and to reduce faecal
β-glucuronidase, β-glucosidase, nitroreductase and glycocholic acid hydrolase activ-
ity (Hayatsu and Hayatsu 1993; Ling et al. 1994; Spanhaak et al. 1998). The gut
microbiota can also modulate the production of mucus in the intestinal lumen, which
in itself can play an important role in CRC by regulating the interaction of the gut
bacteria and luminal contents with the colonic epithelium (Velcich et al. 2002).

The composition of the microbiota has also been investigated as a potential
predictive biomarker for human CRC. Two meta-analyses of human faecal shotgun
sequencing studies identified microbial taxonomic signatures with sensitivity to, and
specificity for, CRC, which was comparable to common non-invasive clinical
screening tests (Wirbel et al. 2019; Thomas et al. 2019). Models based on the
functional gene content of the faecal microbiome were also generated, and enrich-
ment of the bile acid-inducible operon, which is involved in microbial bile acid
metabolism, was demonstrated at both the genomic and transcriptomic levels
(Wirbel et al. 2019; Thomas et al. 2019). Additionally, bacterial species associated
with the oral cavity are frequently enriched in the gut microbiota of CRC patients
and a model combining data from oral and faecal microbiota was highly predictive of
CRC (Flemer et al. 2018).

22.3 Microbial Metabolites as Mediators of Host-Microbe
Symbiosis in Colorectal Cancer

A key interaction between the host and the microbiota occurs through the production
of microbial-derived metabolites (Louis et al. 2014). Here, we focus on two major
products of microbial metabolism, short-chain fatty acids and bile acids, and their
role in CRC.
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22.3.1 Short-Chain Fatty Acids

Commensal bacteria contribute to host-microbial homeostasis and resistance to CRC
via the production of short-chain fatty acids (SCFAs). SCFAs are fatty acids with
less than six carbon atoms and are primarily the product of fermentation of dietary
fibre by anaerobic bacteria in the proximal colon (Topping and Clifton 2001). The
three most common SCFAs are acetate, propionate and butyrate, with butyrate
shown to play a predominant role in CRC (Hinnebusch et al. 2002). The majority
of butyrate is produced by bacteria in Clostridium clusters XIVa and IV, particularly
Roseburia/Eubacterium rectale-related bacteria in cluster XIVa and
Faecalibacterium prausnitzii relatives in cluster IV (Louis et al. 2010). In a screen
of butyryl-CoA:acetate CoA-transferase sequences from human faecal samples, 88%
of sequences belonged to E. rectale, Roseburia faecis, Eubacterium hallii and an
unnamed species, with the remainder coming from uncultured strains (Louis et al.
2010).

Butyrate is the primary energy source for normal colonic epithelial cells and has
been associated with positive health effects, including in CRC (Wu et al. 2018;
Donohoe et al. 2011). Concentrations of SCFAs are highest in the caecum and
proximal colon, where the incidence of tumours is low (Macfarlane et al. 1992). The
lowest intracolonic levels of SCFAs are found in the distal colon and rectum, the site
of the majority of human CRC. Butyrate was also reduced in a rat model of CRC,
where it correlated negatively with tumour mass (McIntyre et al. 1993). Moreover,
protein feeding increased tumour number in AOM-treated rats which was amelio-
rated by resistant starch, which is a substrate for microbial butyrate production
(Le Leu et al. 2007). Mechanisms by which butyrate protect against CRC are
presented in Table 22.2.

Whilst predominantly protective against the development of CRC, butyrate can
have pro-tumorigenic effects following CRC onset. One such mechanism involves
its ability to act as a histone deacetylase (HDAC) inhibitor in vivo where it
epigenetically promotes cell proliferation (Bultman 2017). The contrasting effects
of butyrate in normal epithelial cells versus CRC cells can be explained by the
metabolic fate of intracellular butyrate. The ability to use butyrate as an energy
source is lost in malignant colonocytes (Onoue et al. 1997). Instead, these cells
perform glycolysis in what is termed the Warburg effect. This causes the accumu-
lation of intracellular butyrate which generates concentrations sufficient to allow
butyrate to act as an HDAC inhibitor. This effect in CRC cells is amplified by
glucose-induced metabolism of butyrate by ATP citrate lyase to acetyl-CoA, which
acts as a histone acetyltransferase in cells exhibiting the Warburg effect (Berwick
et al. 2002; Donohoe et al. 2012).
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22.3.2 Bile acids

Bile acids are endogenous steroid molecules that are conjugated to a glycine or
taurine amino acid residue to form bile salts and stored in the gallbladder for
postprandial release into the duodenum to aid lipid digestion. They are derived
from cholesterol and are the major route of cholesterol elimination from the body.
The major human bile acids are cholic acid (CA) and chenodeoxycholic acid
(CDCA), while in mice the majority of CDCA is converted into muricholic acid
(MCA) (Li and Chiang 2012). Although most bile salts are reabsorbed in the distal
ileum, around 5% escape to the large intestine where they can be modified by
intestinal bacteria (Dawson et al. 2003). These bile acids undergo deconjugation of
the amino acid residue by bile salt hydrolase to form free bile acids, followed by
7α-dehydroxylation to form cytotoxic secondary bile acids, as well as a number of
other minor modifications (Hill 1990). 7α-dehydroxylation of the major human bile
acids CA and CDCA forms deoxycholic acid (DCA) and lithocholic acid (LCA),
respectively. These modifications can alter the biochemistry and bioactivity of bile

Table 22.2 The role of butyrate in CRC

Butyrate effect References

Stimulates proliferation in the base of
normal colonic crypts

Kripke et al. (1989)

Inhibits deoxycholic acid (DCA)-induced
proliferation at the crypt surface

Velazquez et al. (1997)

Induces apoptosis in cancer cell lines at
physiological concentrations

Hague et al. (1995)

Induces apoptosis in a p53-independent
manner

Hague et al. (1993)

Reduces apoptosis in colonic ACF of
AOM-treated rats

Caderni et al. (1998)

Absence induces BAX-mediated apopto-
sis in guinea pig colon

Hass et al. (1997)

Induces differentiation in HT29 cells,
possibly by reducing levels of c-myc

Augeron and Laboisse (1984), Taylor et al. (1992)

Inhibits growth at G1 stage Heerdt et al. (1997), Gamet et al. (1992), Barnard
and Warwick (1993), Siavoshian et al. (1997)

Promotes differentiation in cancer cells
but suppresses it in normal cells

Gibson et al. (1992)

Improves barrier function by upregulating
Claudin-1

Wang et al. (2012)

Anti-inflammatory and may protect
against IBD

Wachtershauser and Stein (2000)

Lowers intestinal pH which protects
against DCA-induced epithelial damage

Campbell et al. (1997), Rafter et al. (1986)

Reduces damage induced by H2O2 in
normal colonocytes

Abrahamse et al. (1999)
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acids, as well as their receptor specificities, which affect their role in CRC. The
synthesis and microbial metabolism of bile acids are presented in Fig. 22.1.

Secondary bile acids are hydrophobic, cytotoxic molecules and evidence suggests
they play a role in CRC. For example, numerous epidemiological studies have
highlighted higher faecal bile acid content in populations with increased CRC
rates (Jensen et al. 1982; Cheah 1990; Crowther et al. 1976). Moreover, DCA is
higher in patients with colorectal adenomas and was proposed as a carcinogen as
early as 1940 based on its induction of tumours in mice (Bayerdörffer et al. 1995;
Cook et al. 1940). Bile acids were initially classified as tumour promoters rather than
tumour initiators, as studies primarily demonstrated their action when
co-administered with chemical carcinogens such as AOM (Magnuson et al. 1993;
Reddy et al. 1976a). However, the role of bile acids as aetiologic agents of cancer in
their own right is now emerging (Bernstein et al. 2005a). For example, a diet high in
fat and low in fibre is a known risk factor for colon cancer (Reddy et al. 1975). This
diet was also associated with increased secondary bile acids, as well as increased
glucuronidase deconjugation (Reddy et al. 1975). Also of note, GF rats are generally
resistant to chemical carcinogen-induced CRC (Sumi and Miyakawa 1979). How-
ever, GF rats treated with the chemical carcinogen methylnitronitrosoguanidine
(MNNG) and DCA displayed colonic adenocarcinomas, suggesting microbial pro-
duction of DCA could play a role in tumorigenesis and may explain, in part, the
resistance to CRC observed in GF animals (Reddy et al. 1976b).

Bile acids can increase cancer risk by several mechanisms. DCA and CDCA were
shown to upregulate pro-inflammatory cyclooxygenase-2 and its downstream
inflammatory product prostaglandin E2 in a protein kinase C-dependent manner,
whilst activating c-Jun and AP-1 (Glinghammar et al. 2002; Zhang et al. 1998). Bile
acids also generate reactive oxygen and nitrogen species via a detergent effect on cell
membranes and activation of inducible nitric oxide synthase (Bernstein et al. 2005b).
Additionally, bile acids may induce apoptosis in the short term but select for
apoptosis-resistant cells in the longer term (Bernstein et al. 2009). This ability
appears to be related to their hydrophobicity, with the most powerful effect displayed
by the most hydrophobic bile acids (Powell et al. 2001). Indeed, normal cells
adjacent to tumour tissue in colon cancer patients were shown to display resistance
to bile salt- and bile acid-induced apoptosis, and this is mediated by an upregulation
of the anti-apoptotic protein B-cell lymphoma-extra large (Bernstein et al. 2009;
Badvie et al. 2006).

Bile acids can also induce chromosomal abnormalities such as aneuploidy and
micronucleus formation (Jenkins et al. 2007; Assinder and Upshall 1982). In yeast,
DCA, LCA, CDCA and CA each induced mitotic chromosome aneuploidy, while
tauro- or glyco-conjugated DCA did not (Ferguson and Parry 1984). Oxidative stress
is a well-established source of chromosomal instability and this is a plausible
mechanism of bile acid-induced DNA damage and increased CRC risk (Limoli
and Giedzinski 2003; Hunt et al. 1998). LCA was also shown to inhibit the repair
activity of DNA polymerase βwhich could exacerbate the consequences of bile acid-
induced DNA damage (Ogawa et al. 1998). Finally, a proteomic study of CRC cell
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Fig. 22.1 Synthesis and microbial metabolism of bile acids. Cholic acid (CA) and
chenodeoxycholic acid (CDCA) are the primary human bile acids (BAs) which are formed from
cholesterol in the liver by a multistep pathway. After conjugation and release into the duodenum,
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lines induced with DCA identified alterations in ten proteins involved in DNA repair
and cell cycle checkpoints (Bernstein et al. 2004).

Bile acids have also been associated with cancer through Farnesoid X Receptor
(FXR) signalling (Degirolamo et al. 2011). Bile acid homeostasis is regulated by
FXR, which is a nuclear receptor expressed by liver hepatocytes and small intestine
enterocytes (Makishima et al. 1999). FXR expression is downregulated in human
colorectal tumours and colon cancer cell lines (De Gottardi et al. 2004), while Fxr-/-

mice are predisposed to multiple cancers, including that of CRC (Maran et al. 2009;
Kim et al. 2007). Moreover, administration of tauro-conjugated βMCA, which is an
FXR antagonist bile acid, increased stem cell proliferation by activating Wnt
signalling, impaired intestinal integrity, accelerated tumour growth, induced dys-
plastic morphology and chromosome instability, and increased the serum levels of
pro-inflammatory cytokines in APCMIN mice (Fu et al. 2019). FXR agonists, in turn,
promoted apoptosis, downregulated intestinal stem cell genes and inhibited Wnt
signalling (Modica et al. 2008). FXR agonists also delayed tumour progression,
reduced tumour multiplicity, proliferation and serum cytokines, and improved
intestinal morphology, differentiation, barrier function and bile acid homeostasis
(Fu et al. 2019). Microbial modification of bile acids plays a role in their interaction
with FXR, as FXR displays greater affinity for conjugated bile acids, with reducing
affinity for CDCA > DCA ¼ LCA > CA (Ding et al. 2015). As a result, bacterial
modification of bile acids can influence their specificity for FXR and hence their
influence on cancer risk. FXR has also been demonstrated to modulate the
microbiota as FXR antagonism increased the proportion of Bacteroidetes compared
to Firmicutes (Bervoets et al. 2013; Jiang et al. 2015). FXR can also suppress
expression of pro-inflammatory cytokines (Stojancevic et al. 2012), to the extent
that a synthetic FXR ligand protected mice from DSS-induced colitis (Vavassori
et al. 2009).

22.4 Pre- and Pro-Biotics as Modulators of Host-Microbe
Symbiosis: Implications for Colorectal Cancer

Clinical trials have provided evidence for the beneficial role of pre- and pro-biotics
in CRC (Table 22.3). One such trial using a combination of pre- and pro-biotics
comprising inulin, Lactobacillus and Bifidobacterium administered to individuals at
high risk of CRC development showed that the combination treatment resulted in a
decrease in colonic epithelial proliferation, decreased abundance of Clostridium

⁄�

Fig. 22.1 (continued) 95% are reabsorbed at the terminal ileum but 5% escape to the large intestine
to be modified by the microbiota. This includes deconjugation and 7α-dehydroxylation to form
deoxycholic acid and lithocholic acid from CA and CDCA, respectively. Figure modified from
Long et al. (2017)
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perfringens and reduced ability of faecal water to induce necrosis in colon cells
in vitro (Rafter et al. 2007). Epithelial barrier function, which is deficient in CRC,
was also improved (Soler et al. 1999).

This beneficial effect of pre- and pro-biotics has been replicated in several studies
(Roessler et al. 2012; Gianotti et al. 2010; Xia et al. 2010; Roller et al. 2007).
Moreover, a prebiotic mixture decreased chemotherapy-associated side effects
including diarrhoea and enterocolitis in CRC patients (Mego et al. 2015). Further-
more, the administration of probiotics can have potential cancer-preventative effects.
For example, a mixture of Lactobacillus and Propionibacterium administered to
healthy subjects reduced faecal levels of the bacterial enzyme β-glucuronidase,
which is implicated in the activation of carcinogens in the colon (Ishikawa et al.
2003).

In animal studies, Bifidobacterium longum has been shown to ameliorate AOM/
DMH-induced colon carcinogenesis, an effect that is enhanced by co-administration
with the prebiotics inulin and lactulose (Challa et al. 1997; Rowland et al. 1998a). A
similar effect was seen with Lactobacillus species, although this effect was absent

Table 22.3 Proposed protective mechanisms by which prebiotics and probiotics affect CRC
development (modified from Wollowski et al. (2001))

Probiotic/Prebiotic Protective mechanism References

Lactobacillus casei, omniflora
or yoghurt

Mutations in the Ames test
decreased

Pool-Zobel et al. (1993a),
Bodana and Rao (1990)

Strains of Lactobacillus and
Bifidobacterium, cellular com-
ponents and metabolites of
lactic acid bacteria

DNA damage in colon cells
decreased (antigenotoxicity)

Pool-Zobel et al. (1993b),
Pool-Zobel et al. (1996)

Fermented milk with
L. acidophilus,
Bifidobacterium bifidum,
Streptococcus lactis and Strep-
tococcus cremoris; lactulose

Procarcinogenic enzyme
activity decreased:
β-glucuronidase,
nitroreductase, azoreductase
and detoxifying enzyme
activity increased; glutathi-
one-S-transferase

Goldin and Gorbach (1984),
Goldin et al. (1992), Benno
and Mitsuoka (1992),
Bouhnik et al. (1996)

L. acidophilus, S. cremoris,
cell wall of lactic acid bacteria

Binding of mutagens Orrhage et al. (1994), Zhang
and Ohta (1991), Morotomi
and Mutai (1986)

Milk fermented with
L. acidophilus

Excretion of mutagens
decreased

Lidbeck et al. (1992)

Milk fermented with
L. acidophilus and
Bifidobacterium

Immune stimulation increased Link-Amster et al. (1994)

Fermentation of prebiotics SCFAs increased, pH
decreased, probiotics
increased

Segal et al. (1995), Baghurst
et al. (1996)

Butyrate Decreased proliferation,
increased apoptosis, epige-
netic changes (Sect. 22.3.1)

Hague et al. (1995), Hass
et al. (1997), Marchetti et al.
(1997)
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when probiotic administration was delayed until 9 weeks into DMH-administration,
suggesting Lactobacillus was only protective in the early stages of tumorigenesis
(Goldin et al. 1996; Goldin and Gorbach 1980).

The ability of probiotics to affect early-stage cancer development could be due to
their function as anti-mutagenic agents. For instance, Lactobacillus casei gavage
attenuated DNA damage induced byMNNG in rat colonic and gastric mucosa, while
in another study, a selection of lactic acid bacteria (LAB) inhibited the genotoxic
effects of MNNG and DMH in the rat colon (Pool-Zobel et al. 1993b, 1996). Heat
treatment eliminated the protective effect of the bacteria in both studies, suggesting
that viable bacteria are required for this effect, although the peptidoglycan fraction
and whole freeze-dried L. acidophilus were also anti-genotoxic. Arimochi et al. also
demonstrated a reduction in ACF in AOM-treated rats after the administration of
L. acidophilus and C. perfringens (Arimochi et al. 1997). In particular,
L. acidophilus improved DNA repair by DNA methyltransferase. Other potential
mechanisms include the ability of LAB to bind dietary mutagens which limits their
ability to interact with the colonic epithelium (Orrhage et al. 1994; Morotomi and
Mutal 1986). For example, toxic compounds are detoxified by glucuronidation in the
liver, but bacterial β-glucuronidase activity may hydrolyse these molecules and
liberate carcinogens. The activity of this enzyme was shown to be reduced in
AOM- and DMH-treated rats following gavage with the probiotic B. longum. This
effect was enhanced by co-administration with the prebiotic inulin, possibly as a
result of acidification of the intestinal environment and displacement of bacteria
expressing β-glucuronidase (Kulkarni and Reddy 1994; Abdelali et al. 1995;
Rowland et al. 1998b).

Probiotic and commensal bacteria, including species that are indigenous to the
normal human microbiota, can also provide health benefits by competing with more
harmful organisms and preventing them from becoming established in the GI tract
(Collado et al. 2007). LAB have been shown to inhibit the growth of coliforms in the
GI tract and return E. coli-infected rats to a normal microbiota composition while
reducing β-glucuronidase activity (Sreekumar and Hosono 2000). Probiotics can
also produce antimicrobial compounds that inhibit enteric pathogens (Spinler et al.
2008; O’Shea et al. 2012).

Chronic inflammation has been shown to promote CRC and this can be amelio-
rated by probiotic bacteria (Drago 2019). This can be mediated by the production of
anti-inflammatory metabolites such as butyrate (Sect. 22.3.1). Some probiotic bac-
teria have also been shown to suppress the production of inflammatory factors by
host immune cells, with Lactobacillus reuteri being shown to suppress the produc-
tion of tumour necrosis factor-alpha (TNFα) and monocyte chemoattractant protein
1 production by lipopolysaccharide-activated monocytes and macrophages (Lin
et al. 2008). A similar anti-inflammatory effect was also observed in rat pups (Liu
et al. 2010). As well as inhibiting pro-tumorigenic inflammation, probiotics may also
induce the targeted production of immune-activating cytokines to suppress tumori-
genesis. For instance, the L. casei strain Shirota, when administered into the
intrapleural cavity of tumour-bearing mice, induced the production of interferon
gamma, IL-1β and TNFα, which in turn inhibited tumour growth and increased
survival (Matsuzaki 1998).
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22.5 Conclusions

In summary, the gut microbiota is an integral part of normal human physiology. This
microbial reservoir of genes and metabolic functions is larger and more dynamic
than the human genome, and from this grows a complex symbiosis between
microbiota and host. Disruption of this relationship can have widespread negative
effects on human health. This chapter has presented evidence of both protective and
harmful influences of gut bacteria and their metabolites in CRC, with a particular
focus on SCFAs and bile acids. Manipulation of this symbiosis with pre- and
pro-biotics has the potential to have considerable health benefits as we begin to
better understand the crosstalk between the gut microbiota and the host in the
maintenance of a healthy symbiotic relationship.
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Chapter 23
The Macrophages and Intestinal Symbiosis

Malgorzata Kloc, Ahmed Uosef, Mahmoud Elshawwaf,
Ahmed Adel Abbas Abdelshafy, Kamal Mamdoh Kamal Elsaid,
Jacek Z. Kubiak, and Rafik Mark Ghobrial

Abstract The human intestinal tract is inhabited by trillions of microorganisms and
houses the largest pool of macrophages in the human body. Being a part of the innate
immune system, the macrophages, the professional phagocytes, vigorously respond
to the microbial and dietary antigens present in the intestine. Because such a robust
immune response poses the danger to the survival of the non-harmful and beneficial
gut microbiota, the macrophages developed mechanisms of recognition and
hyposensitivity toward the non-harmful/beneficial inhabitants of the gut. We will
discuss the evolution and identity of some of these mechanisms in the following
chapter.
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23.1 Introduction

Because of its enormous length (~ 5–10 m) and surface (~ 180–300 square meters),
the human gastrointestinal tract (GI) represents the largest interface between the host
and the microbial and dietary antigens in the human body (Helander and Fändriks
2014; Hounnou et al. 2002; Rooks and Garrett 2016; Sears 2005). This deluge of
antigens requires an extremely robust immunological response both in the immune
cell number and their activity. The immune cells, which represent the first-line
responders to such an enormous immunologic challenge, are the gut macrophages
(Hine and Loke 2019). The quantity of the immune cells present in the gut wall is so
great that from the histological perspective, the gut wall looks like a strongly
inflamed tissue—the state described as the “physiological inflammation” (Fiocchi
2003, 2008; Medzhitov 2008). Indeed, the human gastrointestinal tract is the largest
pool of macrophages in the body (Bain and Mowat 2014; Bain and Schridde 2018).
The macrophages, being the voracious “professional” phagocytes (Stuart and
Ezekowitz 2005), engulf the microorganisms, dead cells, toxins, and foreign debris,
and send the activation/inflammatory signals to other types of the immune cells.
However, such an avid immunologic response against pathogens poses also a danger
to the symbiotic microorganisms inhabiting the GI. The gastrointestinal tract of
humans is the ecosystem of over a hundred trillion microorganisms collectively
called “the gut microbiota” (Thursby and Juge 2017). This represents over 10 times
more microbial cells than the number of human cells in the body, and over 100 times
microbial genomic content than the human genome.

Thus, the question arises how the macrophages distinguish the harmful from the
non-harmful or beneficial organisms and how they modify, accordingly, their
response. In this chapter, we will discuss the origin and functions of gut macro-
phages, the mechanisms modifying their response to the harmful versus symbiotic
microorganisms, and the hypotheses on the evolutionary origin of the GI macro-
phages and such responses.

23.2 How Macrophages Recognize Microorganisms?

All microorganisms have on their surface various molecules specific for a given
microorganism species, which articulate the microorganism “signature” or the
Pathogen-Associated Molecular Pattern (PAMP; Herwald and Egesten 2016). The
examples of PAMPs are bacterial lipopolysaccharides (LPSs, present on the bacterial
membrane), bacterial endotoxins, lipoteichoic acid (LTA, a major component of the
cell wall of gram-positive bacteria), flagellin (a component of bacterial flagellum),
peptidoglycan (murein, a polymer of amino acids and sugars in the bacterial cell
wall), and various forms of viruses’ nucleic acids. The macrophages have a whole
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spectrum of pattern recognition receptors (PRRs), which recognize PAMPs
(Takeuchi and Akira 2010). The binding of the PAMPs to their complementary
PRRs switches on the production and release of the cytokines, which signal to the
immune cells the presence of the pathogens and infected cells, which need to be
engulfed (phagocytosed) and destroyed. In humans, there are over 40 different types
of cytokines including various interleukins and interferons. Interestingly, the mac-
rophages not only recognize PAMPs but are also able, using their membrane ruffles,
to identify the size and shape of the microorganisms (Doshi and Mitragotri 2010).

The macrophages and other immune cells also produce an array of soluble
proteins called the complement system because they “complement” the antibody
response (Fujita 2002; Markiewski and Lambris 2007; Sarma and Ward 2011). The
complement proteins bind the microorganisms especially those which are already
bound to the antibodies. The microorganism coated by the complement proteins, the
process called the “opsonization”, is marked as a phagocytotic target. In addition,
some of the complement proteins make pores in the microbe membrane causing the
leakage of the microbe’s content and death (Markiewski and Lambris 2007; Sarma
and Ward 2011).

23.3 Phylogenetic/Evolutionary Origin of GI Macrophages
and Development of Hyposensitivity toward
Symbionts

In 1882, a Russian zoologist Ilya Ilitch Metchnikov (Elie Metschnikoff in French)
introduced the concept of phagocytosis and phagocytes (he received the Nobel Prize
for this discovery in 1908) and postulated that the vertebrate macrophages evolved
from the invertebrate enteric phagocytes. The Metchnikov’s observations and
hypothesis were subsequently developed into the concept of a common origin of
immunity and digestion (Broderick 2015; Hartenstein and Martinez 2019; Hoffmann
et al. 1999). The ancestral connection between the immunity and digestion is
exemplified by a unicellular amoeba in which the initial stages of food ingestion
and an engulfment of the pathogens are indistinguishable, and by the fact that many
enzymes involved in the digestion of food are also involved in the immune response
(Broderick 2015; Gaudet et al. 2016; Hartenstein and Martinez 2019; Hoffmann
et al. 1999). The examples of such dual-purpose molecules are the toll-interleukin-1
receptor (TIR) domain proteins, such as TirA in the soil-dwelling ameba
Dictyostelium, and SARM in C. elegans (Broderick 2015; Chen et al. 2007; Shivers
et al. 2009). Another example is the β1,3-glucanase digestive enzymes, which also,
as the pattern recognition receptors (βGRPs), activate the immune response in the
invertebrates (Broderick 2015; Rosengaus et al. 2014; Sun et al. 2011). In this
context, one can imagine that some microorganisms, which were resistant to the
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digestion and produced compounds beneficial to the host were, during evolution,
recognized by the macrophages as a benign or beneficial. This led to the develop-
ment of hyposensitivity (macrophage “anergy”) toward them, leading to the immu-
nologic tolerance, and a permanent cohabitation of the microorganisms with the
macrophages and the host (Chang et al. 2014; Fava and Danese 2011; Nyholm and
Graf 2012; Scott et al. 2018; Smith et al. 2011; Traylor-Knowles et al. 2019, Wang
et al. 2019; Wells et al. 2010; Wynn et al. 2013). The phenomenon of an emergency
utilization of the gut microbiota as a nutritional reserve in the starving animals
(Broderick 2015; Conway et al. 1986) also argues for the evolutionary advantage
for the development and retention of a large pool of gut microbiota.

Although the theory of the common origin of immunity and digestion has been
criticized by some researchers (van Niekerk and Engelbrecht 2015) for being overly
simplistic, it gives a stimulating perspective on the phylogenetic origin of macro-
phages and the innate immunity.

23.4 Distribution of Macrophages
in the Gastrointestinal Tract

The wall of the human gastrointestinal tract (GI) is built of four layers (Fig. 23.1;
Hine and Loke 2019). The first, most internal (facing the gut lumen) layer is the
mucosa. The mucosa consists of three sublayers: the epithelium sublayer, which
lines the GI lumen, is covered by the bactericidal mucous, and forms a main
protective barrier against the microorganisms; the lamina propria (LP) sublayer,
which underlines the epithelium and is built of connective tissue, blood capillaries
(which absorb digestion-derived nutrients), and mucous glands; and the muscularis
mucosa sublayer, which is built of the smooth muscle cells providing local move-
ment of the mucosa and facilitating transport of the food particles. The second layer
of the GI wall is the submucosa, which is built of the connective tissue and contains
blood and lymphatic vessels, nerves, and mucous glands. The third layer of the GI
wall is the muscularis propria (muscular layer), which is built of two (circular and
longitudinal) layers of smooth muscle cells providing the peristaltic movement of the
GI. The fourth (the most internal) layer of the GI, the adventitia (serosa), is covered
by the visceral peritoneum and contains connective tissue, nerves, and blood and
lymphatic vessels (Fig. 23.1). The macrophages are most abundant in the LP of the
mucosa (Hine and Loke 2019). In human and rodents, there is an ascending oral-anal
gradient of macrophage quantity; the LP of the small intestine contains fewer
macrophages than the LP of the colon. The immediate proximity of the LP macro-
phages to the epithelial layer allows them to phagocyte the microorganisms or
compounds that cross the epithelial barrier. In addition, the macrophages (and also
the dendritic cells) can sample the content of the gut lumen through the formation of
the trans-epithelial lamellipodia/dendrites (TEDs). Because the macrophages and
dendritic cells express the tight junction proteins (Blank et al. 2011; Rescigno et al.
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2001), they are probably able to form the temporary junctions between TEDs and
epithelial cells, which allow them to reach the gut lumen without destroying the
epithelial barrier (Bain and Schridde 2018; Blank et al. 2011; Chieppa et al. 2006;
Gross et al. 2015; Niess et al. 2005; Rescigno et al. 2001). The macrophages are also
located within the mucosa-associated lymphoid tissue (MALT), and in the
muscularis propria and serosa, where they communicate with the muscle and
nerve cells responsible for the gut peristalsis (Bain and Mowat 2014; Bain and
Schridde 2018; Grainger et al. 2017; Gross et al. 2015; Hume et al. 1984; Mikkelsen
and Rumessen 1992; Muller et al. 2014; Nagashima et al. 1996).

Fig. 23.1 Schematic representation of the mammalian intestine wall. The epithelium of the mucosa
consists of tightly connected by the intercellular junctions epithelial cells interspaced with the
mucus-producing goblet cells. The epithelium forms a physical barrier against the invading
pathogens and the mucus has the bactericidal properties. The macrophages are most abundant in
the lamina propria of the mucosa, the muscularis propria, and the serosa. The lamina propria
macrophages form the dendritic extensions (TEDs), which allow them to directly sample the
content of the gut lumen. Because macrophages express cell junction proteins, it is possible that
TEDs might form the temporary junctions with the epithelial cells, which prevent disruption of the
epithelial barrier. Beside the phagocytotic and immune activities, the macrophages also interact
with the nerve cells and influence the peristaltic movement of the gut (For details, see the text; Bain
and Mowat 2014; Hine and Loke 2019)
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23.5 Sources of GI Macrophages

It is well established that in adult mammals the macrophages derive from two
distinct sources: the embryonic progenitors from the yolk sac and/or fetal liver,
and the conventional hematopoiesis (blood/bone marrow) monocytes (McGrath
et al. 2015). Recently, Bain et al. (2014) showed that before and immediately after
birth, the LP of mouse intestine contains a pool of embryonic-derived macrophages,
which are, around the time of weaning at 2–3 weeks after birth, replaced by the
hematopoietic-derived monocytes/macrophages. During the first few weeks after
mouse birth, the intestinal embryonic-derived macrophages proliferate in situ, but
they stop proliferating around 3 weeks after birth, which correlates with the influx of
the hematopoietic-derived monocytes (Bain et al. 2014). Although the human data
on this subject are very limited, there are indications from the transplantation studies,
which monitored the infiltration of the recipient’s macrophages into the donor’s
organs, that a constant replacement of the gut macrophages from the pool of
hematopoietic progenitors occurs also in humans (references listed in Bain and
Schridde 2018). It is still unclear why certain tissues and organs such as brain and
skin retain a large pool of the embryonic-derived macrophages while the intestine
does not. The most reasonable theory is that the constant exposure to a massive
quantity of food- and microorganism-derived antigens causes the “physiological”/
“controlled” inflammation of the intestinal tract, which drives constant influx of the
monocytes but keeps the inflammatory response in check (a “low grade” inflamma-
tion) to prevent an excessive inflammatory damage to the intestine (Fiocchi 2003,
2008; Medzhitov 2008). Evidently, the influx of the monocytes and thus macro-
phage turnover is regulated by the gut microbiota; the sterile (germ-free) mice have
fewer macrophages, and the antibiotic treatments perturbs monocyte/macrophage
turnover in the gut wall (Bain et al. 2014; Bain and Mowat 2014; Schmidt et al.
2019; Scott et al. 2018).

Despite numerous studies confirming a continuous replenishment of the gut
macrophages by the incoming monocytes, the most recent studies showed that the
intestine wall contains also a pool of the self-maintaining, long-living macrophages
(Shaw et al. 2018; de Schepper et al. 2018). These self-maintaining and self-
proliferating macrophages are localized not in the LP but in the deeper layers of
the gut wall, i.e. in the submucosa and the muscularis in the proximity of the blood
vessels, and are necessary for the survival of the enteric neurons and a proper
functioning of the submucosal vasculature, secretory glands, and peristalsis
(de Schepper et al. 2018; Sieweke and Allen 2013).

610 M. Kloc et al.



23.6 Hyporesponsiveness/Anergy of GI Macrophages
Toward the Commensals and Symbionts

The hyporesponsiveness (anergy) of the intestinal macrophages toward the
non-harmful (commensal and symbiotic) microorganisms develops progressively.
The monocytes which enter the GI wall are fully immunologically competent—they
express a whole spectrum of immune signaling/regulatory molecules. These mono-
cytes progressively switch off some immune signaling/regulatory molecules, switch
on certain anti-inflammatory molecules, and mature into the hyporesponsive/anergic
macrophages with a limited repertoire of immune responses (Fig. 23.2; Bain and
Mowat 2014). In mice, the development of macrophage hyporesponsiveness corre-
lates with the increased synthesis of interleukin 10 (IL-10), a potent anti-
inflammatory cytokine (Iyer and Cheng 2012). This demonstrates that in the absence
of an infection or injury threat, the fully competent monocytes, which continuously
infiltrate intestine wall as the surveillance agents, mature into the anti-inflammatory/
anergic phenotype macrophages.

Fig. 23.2 Diagram of some of the effects of symbionts on the macrophage immune responses. The
monocytes recruited from the blood to the gut wall are fully immune responsive. They have been
identified based on the level of the markers they express: a low level of fractalkine receptor
CX3CR1, and major histocompatibility complex MHCII, and a high level of lymphocyte antigen
6 complex, locus C1, Ly6c. Under the influence of microbiota and the intestine wall niche, these
monocytes progressively mature into the hyporesponsive (anergic) mature macrophages, which
express a high level of CX3CR1 and MHCII and a low level of Ly6c. The mature macrophages
express a high level of anti-inflammatory IL-10 and TGF β and activate the immunosuppressive
regulatory T cells, Tregs. The symbionts inhabiting the gut produce a variety of metabolites such as
the short-chain fatty acids (SCFA) and polysaccharide A (PSA). One of the SCFA is the n-butyrate,
which decreases, through the inhibition of histone deacetylases, expression of the proinflammatory
molecules such as a nitric oxide (NO), IL-6, and IL-12. The PSA suppresses the pro-inflammatory
Th17 helper cells producing interleukin 17 (IL-17) (Chang et al. 2014; Wang et al. 2019)
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The immunomodulation/silencing of the intestinal monocytes/macrophages and
other types of immune cells is partially the effect of various metabolites produced by
the symbionts inhabiting the gut. Some of such molecules are the short-chain fatty
acids (SCFA; Fig. 23.2). One of the SCFA is the n-butyrate, a bacterial metabolite
produced in large quantities by the commensals inhabiting the colon (Chang et al.
2014). The n-butyrate, decreases, through the inhibition of histone deacetylases,
which change chromatin conformation, synthesis of the proinflammatory molecules
such as nitric oxide, IL-6, and IL-12, which are produced in the macrophages in
response to the lipopolysaccharides (LPS) present in the outer membrane of Gram-
negative bacteria (Chang et al. 2014). Another example is the polysaccharide A
(PSA; Fig. 23.2) produced by a colon commensal, a Gram-negative, rod-shaped
bacterium Bacteroides fragilis. During bacterial colonization of the colon, the PSA
suppresses the pro-inflammatory Th17 helper cells producing interleukin 17 (IL-17)
(Wang et al. 2019). Other factors inducing macrophage anergy are the growth factors
found in the gut niche where these macrophages reside. For example, the
transforming growth factor-beta (TGF β), produced by the monocytes/macrophages,
other immune cells, and the intestinal stromal cells of the gut wall, and abundantly
present in the lamina propria, decreases the production of cytokines but does not
affect macrophage phagocytic or bactericidal activities (Smythies et al. 2015). TGF β
causes hyporesponsiveness of the monocytes to the Toll-like receptor (TLR) signal-
ing, which recognizes the pathogen-associated molecular pattern molecules
(PAMPs), such as LPS, present on the microorganisms and activates the
pro-inflammatory cytokines, chemokines, and co-stimulatory molecules (Bain and
Mowat 2014; Smythies et al. 2010; Wang et al. 2019). The downregulation of TLR
downstream effector molecules such as the TIR-domain-containing adapter-
inducing interferon-β (TRIF), the cluster of differentiation 14 (CD14), the myeloid
differentiation primary response 88 (MyD88) protein, the tumor necrosis factor
receptor-associated factor 6 (TRAF6), the lymphocyte antigen 96 (MD2), and the
interleukin-1 receptor-associated kinase 1 (IRAK1), and the upregulation of TLR
signaling inhibitors are among the pathways responsible for the macrophage anergy
(Bain and Mowat 2014; Smythies et al. 2010). It is also known that the human
intestinal macrophages do not produce or produce very low levels of the innate
immunity receptors, such as the Fc-alfa receptor 1 (FcαRI, CD89), which binds
immunoglobulin A antibodies; the Fc-gamma receptor 1 (FcγRI, CD64), and the Fc
receptors FcγRIIIa (CD16a), which bind IgG IgG-type antibodies; the CD32, which
downregulates antibody production in the presence of IgG; the complement recep-
tors 3 (CR3, CD11b, CD18) and 4 (CR4, CD11c, CD18), which detect PAMPs
(including LPS) on the microbes without mediation by the antibodies; and the LPS
co-receptor, the cluster of differentiation 14 (CD14).

Another mechanism preventing a robust immune response of macrophages
toward the gut microbiota is lack of activation of TREM-1—the receptor expressed
on myeloid cells (granulocytes and monocytes), which enhances inflammatory
responses toward bacteria and fungi (Bouchon et al. 2000; Colonna and Facchetti
2003; Wang et al. 2019). The absence of TREM-1 prevents upregulation of
co-stimulatory cluster of differentiation molecules CD40, CD80, CD86, and
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proinflammatory factors such as the tumor necrosis factor TNF, IL-1β, and IL-6
(Bouchon et al. 2000; Wang et al. 2019). This allows the intestinal macrophages to
efficiently scavenge and phagocyte microbes without triggering inflammation and
intestinal damage (Smythies et al. 2010, 2015; Wang et al. 2019). In this context, it is
easy to imagine how a disruption of macrophage anergy may affect gut microbiota,
and vice versa, how a disruption of microbiota homeostasis may affect the macro-
phages and lead to the autoimmune diseases and the pathological inflammation of
the intestine and severe inflammatory bowel diseases such as Crohn’s disease
(CD) and ulcerative colitis (UC).

In summary, although we currently know many molecular factors and pathways
involved in the development of macrophage hyporesponsiveness/anergy toward the
gut microbiota, we are still very far from comprehending the entire picture of
immense and extremely sophisticated interactions between the macrophages, intes-
tinal wall niches, and the gut inhabiting microorganisms. A better understanding of
these processes not only will satisfy our scientific curiosity but also help to prevent
and/or cure the autoimmune and inflammatory diseases.
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