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Primary endosymbiosis gave rise to photosynthetic 

eukaryotes (glaucophytes, red algae and green plants) 

about 1.5 billion years ago, when a phagotrophic 

eukaryote enslaved a cyanobacterium, transforming it 

into a true cellular organelle called primary plastid. 

Such cyanobacterium-to-organelle transformation had 

been considered to be a singular event in the history of 

life on our planet until Paulinella chromatophora was 

discovered. This testate amoeba carries two 

photosynthetic endosymbionts (chromatophores) of 

cyanobacterial origin, which were acquired relatively 

recently, about 60-140 million years ago. The 

chromatophores have already experienced a 

significant genome reduction, endosymbiotic gene 

transfer of more than 30 genes, including those 

involved in photosynthesis, and evolved import 

machinery for nuclear-encoded proteins. These 

features make the chromatophores bona fide 

organelles but, in contrast to primary plastids, they 

import only proteins characterised by low molecular 

weight and nearly neutral charge. These restrictions in 

the protein import seem to result from the presence of 

the peptidoglycan wall and the lack of a channel-like 

translocon in the outer chromatophore membrane, 

which could perforate this wall together with a channel 

in the inner membrane. 
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Primary plastids and their photosynthetic 
legacy 
 
For as long as two billion years photosynthesis was 

restricted to cyanobacteria (Des Marais 2000). About 1.5 

billion years ago, the know-how was co-opted by a 

unicellular phagotrophic protozoan (e.g., Yoon et al. 2004; 

Archibald 2015). This eukaryote instead of digesting 

engulfed cyanobacteria learned to benefit from their 

prolonged upkeep and subsequently transformed them into 

two-membrane photosynthetic organelles called primary 

plastids (reviewed by Ku et al. 2014; McFadden 2014). The 

cyanobacterium-to-organelle transformation, termed 

primary endosymbiosis, involved: (i) endosymbiotic gene 

transfer (EGT), (ii) loss of many genes, and (iii) evolution of 

a protein import system in endosymbiont membranes (the 

Toc-Tic apparatus; Figure 1A) for proteins encoded by 

nuclear genes including those derived from the EGT 

(Cavalier-Smith and Lee 1985; Bodył et al. 2009a; Kleine et 

al. 2009). 

The primary endosymbiosis triggered evolutionary 

radiation of the supergroup Archaeplastida, composed of 

glaucophytes, red algae and green plants (Mackiewicz and 

Gagat 2014), and subsequent eukaryote-eukaryote 

endosymbioses initiated by the enslavement of red and 

green algae. The latter endosymbioses resulted in three- or 

four-membrane (complex) plastids of chlorarachniophytes, 

euglenids, cryptophytes, haptophytes, stramenopiles, 

dinoflagellates, and even parasitic apicomplexans, 

spreading the photosynthesis throughout the eukaryotic 

tree of life (Figure 2; reviewed by Archibald 2009; Keeling 

2010). 

 

 

How frequent are origins of primary 
photosynthetic organelles? 
 
As morphological, molecular and phylogenetic data 

strongly support a single endosymbiotic origin of all 

primary plastids, all extant plastids, including complex 

ones, must stem from a single cyanobacterial 

endosymbiosis (Archibald 2009; Keeling 2010). One of the 

arguments in support of a single endosymbiotic event is the 

Toc-Tic apparatus in primary plastid membranes (Paila et 

al. 2015) and in their evolutionary derivatives, i.e. two 

innermost membranes of complex plastids (Sheiner and 

Striepen 2013). The presumed difficultly in establishment 
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of an efficient protein import system in endosymbiont 

membranes was behind formulation of a paradigm 

postulating minimization of the number of endosymbioses 

to explain the observed plastid diversity (Cavalier-Smith 

and Lee 1985). This paradigm of cellular evolution seems to 

be, especially, of paramount importance for organelles of 

prokaryotic origin. In contrast to complex plastids, which 

inherited the efficient Toc-Tic apparatus and use the 

existing endomembrane pathway to traverse outer, 

eukaryote-derived plastid membranes (Sheiner and 

Striepen 2013), prokaryotic organelles have to evolve 

protein import machinery. This, however, does not have to 

be as difficult as it is assumed because it can occur by a 

kind of molecular tinkering from pre-existing components 

of both the cyanobacterial endosymbiont and the 

eukaryotic host (Shi and Theg 2013). Further, it is possible 

to reconstruct gradual evolution of the Toc and Tic 

translocons, which suggests that their origin may not 

represent a unique evolutionary process (discussed in 

Bodył et al. 2007; Bodył et al. 2009a). 

Interestingly, the possibility of multiple origins of 

primary plastids is still considered and some phylogenies 

indeed break the monophyly of Archaeplastida, questioning 

the paradigm that endosymbiont-to-organelle 

transformation is indeed difficult, and therefore, 

exceptionally rare (Stiller 2007; Howe et al. 2008; Kim and 

Graham 2008; Burki et al. 2016). Such claims are especially 

tempting in light of the discovery that primary 

photosynthetic endosymbiosis is not a unique event in the 

history of life on our planet, but has happened at least 

twice, as the example of P. chromatophora shows (Figure 

2). 
 
 

 
 

Figure 1: Model for protein import into primary plastids (A) and the photosynthetic bodies of P. chromatophora (B). (A) Most 

proteins imported into primary plastids carry transit peptides at their N-termini and are post-translationally translocated across the plastid 
envelope with the help of Toc-Tic apparatus, a translocon at the outer (OM) and inner (IM) chloroplast membranes. Only a handful of 

proteins are imported into primary plastids in vesicles via the endomembrane system, involving the endoplasmic reticulum (ER) and the 

Golgi apparatus (GA) (Gagat et al. 2013). The Toc translocon contains a protein-conducting channel Toc75, and two transit peptide receptors 
Toc159 and Toc34. The structure of the Tic translocon is still unclear but it seems to be composed of several complexes: (i) the main 

translocation complex (Tic20, Tic214, Tic100, Tic56 and Tic21), (ii) the main molecular motor (Tic110, Tic40 and Hsp93), (iii) an additional 

import motor (J?, Hsp70, GrpE) and (iv) a regulation complex (Tic62, Tic55, Tic32). Tic22 is responsible for protein movement through the 

intermembrane space (IMS) of primary plastids. (B) Nuclear-encoded, chromatophore-targeted proteins are usually equipped with a signal 

peptide-like domain, and therefore likely enter Paulinella chromatophores in vesicles of the endomembrane system. After their release into 

the intermembrane space (IMS), they have to cross the peptidoglycan wall, which could be facilitated by molecular chaperones, such as DegP, 
FkpA, PpiA, and Hsp70. The final import step, i.e. translocation across the inner chromatophore membrane, may proceed via a simplified Tic-

like apparatus, composed of Tic21 (protein-conducting channel), Tic32 and Tic62 (calcium and redox-sensing regulatory proteins) as well as 

a molecular motor responsible for pulling imported proteins into the organelle matrix. The latter could consist of Hsp93, Hsp70, Hsp40 and 
GrpE. 
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Figure 2: Evolutionary history of primary and complex plastids. Primary plastids of glaucophytes, red algae and green plants are 
photosynthetic organelles surrounded by two membranes that directly descend from a β-cyanobacterial endosymbiont engulfed by the 

phagotrophic eukaryote in the process of primary endosymbiosis. Independently and much later, P. chromatophora acquired an α-

cyanobacterial endosymbiont. The primary plastids of Archaeplastida were horizontally passed to other eukaryotic lineages in subsequent 
endosymbiotic events. Green algae gave rise to three and four membrane plastids of chlorarachniophytes and euglenids, respectively, 

whereas red algae to three membrane plastids of peridinin dinoflagellates and four membrane plastids of cryptophytes, haptophytes, 

stramenopiles and apicomplexans. According to the Chromalveolata hypothesis (Cavalier-Smith 1999), there was only one secondary red 
algae endosymbiosis; consequently, all protists with red alga-derived plastids evolved from a single, red alga-carrying ancestor. However, 

more and more data support alternative evolutionary scenarios which postulate serial and multiple endosymbioses and independent 

horizontal plastid transfers (Bodył 2005; Bodył et al. 2009b; Burki et al. 2012, 2016). The “serial and multiple endosymbioses“ model is also 
supported by the fact that some dinoflagellates swapped their peridinin plastid for haptophyte (fucoxanthin dinoflagellates) and 

stramenopile (dinotom dinoflagellates) endosymbionts, whereas Dinophysis regularly acquires cryptophyte plastids from the ciliate 

Myrionecta (Gagat et al. 2014). The presented relationships between eukaryotic lineages should be considered tentative because the tree of 
life is still not completely resolved. They are mainly based on phylogenies obtained by Burki et al. (2016) but we retained the monophyly of 

Archaeplastida. The depicted directions of secondary and higher order endosymbioses involving red algal plastid are also hypothetical and 

are mainly based on plastid gene phylogenies. 
 

 

 

P. chromatophora and its photosynthetic 
bodies 
 
P. chromatophora is a testate amoeba, enclosed within a 

shell composed of silica plates, that moves through 

sediments of freshwater and brackish bodies, and even 

marine sand flats, by means of thread-like (filose) 

pseudopodia (reviewed by Bodyl et al. 2016, see also Kim 

and Park 2016). It belongs to the supergroup Rhizaria, a 

lineage that shows much closer affiliation to stramenopiles 

and alveolates than archaeplastidians (Figure 2; Burki 

2014; Burki et al. 2016). Paulinella was discovered by 
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Robert Lauterborn (1895), a German biologist, in a material 

collected from an old riverbed of the river Rhine on 

Christmas Eve of 1894, a true Christmas present for the 

endosymbiosis researches (see also Melkonian and 

Mollenhauer 2005). 

What is interesting about Paulinella is that it harbours 

two double membrane-bound photosynthetic bodies 

(called chromatophores), acquired independently of 

primary plastids from a cyanobacterium ~60-140 million 

years ago (Marin et al. 2005; Nowack et al. 2008; Delaye et 

al. 2016). Although Paulinella chromatophores are of 

cyanobacterial origin, they are derived from a distinct 

cyanobacterial group than the primary plastids of 

Archaeplastida (Figure 3; Marin et al. 2005). In accordance 

with their prokaryotic origin, Paulinella chromatophores 

have preserved several cyanobacterial features such as: (i) 

a bacterial cell wall composed of peptidoglycan layers, (ii) 

phycobilisomes on the outer surface of thylakoid 

membranes and (iii) carboxysomes which are responsible 

for concentrating CO2 (Kies 1974). The relatively recent 

acquisition of the chromatophores renders Paulinella an 

immensely interesting subject from the point of view of 

endosymbiont-to-organelle transformation (discussed in 

Bodył et al. 2012; Nakayama and Archibald 2012). 
 
 
 

 
 

 

Figure 3: A Bayesian phylogenetic tree obtained in MrBayes (Ronquist et al. 2012) based on the concatenated alignment of 16S and 

23S rRNA showing independent cyanobacterial origin of primary plastids and Paulinella photosynthetic organelles. The 
chromatophores show close affiliation to Synechococcus/Prochlorococcus group. In the analyses, we assumed separate mixed+I+(5) 

models for these two partitions and two independent runs, each using 8 Markov chains. Trees were sampled every 100 generations for 

10,000,000 generations. After obtaining the convergence, the last 2,912,000 trees from each chain were collected to compute the posterior 
consensus. 

 
 
Paulinella chromatophores are very deeply integrated with 

the host cell permitting it fully autotrophic existence. They 

divide synchronously with the host and exchange 

metabolites with its cytosol (Kies 1974; Kies and Kremer 

1979; Marin et al. 2005). Further, the chromatophore 

genomes of two different Paulinella strains CCAC 0185 

(Nowack et al. 2008) and FK01 (Reyes-Prieto et al. 2010) 

have been sequenced and they indicate significant genome 

reduction in terms of its size and gene number. Compared 

to their closest free-living relative, the cyanobacterium 

Cyanobium gracile PCC 6307, the chromatophore genomes 

have been reduced from ~3 Mb to ~1 Mb and their coding 

capacity form ~3.300 genes to ~900 genes (Nowack et al. 

2008; Reyes-Prieto et al. 2010).  

Endosymbiotic gene transfer and protein 
import into Paulinella chromatophores 
 
Such substantial genome reduction raises a question about 

possible endosymbiotic gene transfers, and indeed more 

than 30 EGT-derived genes have been found in the 

Paulinella nuclear genome (Nakayama and Ishida 2009; 

Reyes-Prieto et al. 2010; Nowack et al. 2011). Among these 

genes, there are also those involved in photosynthesis or 

photosynthesis-related processes, indicating evolution of 

protein import route, or routes through chromatophore 

membranes. The putative protein import into Paulinella 

chromatophores has been mainly investigated in silico and 

as a result a model for protein import into Paulinella 
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chromatophores has been proposed (Bodył et al. 2010; 

Mackiewicz et al. 2012a, 2012b; Gagat and Mackiewicz 

2014). The model involves: (i) vesicular trafficking to the 

outer chromatophore membrane, (ii) a simplified Tic-like 

complex at the inner chromatophore membrane and (iii) a 

molecular motor responsible for pulling imported proteins 

into the chromatophore matrix (Figure 1B). Interestingly, 

the model was partly proved experimentally by Nowack 

and Grossman (2012), who demonstrated that some 

proteins are imported in vesicles of the endomembrane 

system to the outer chromatophore membrane. 

The presence of vesicular trafficking to the outer 

membrane of Paulinella chromatophores requires this 

membrane be compatible with the host system for vesicle 

formation and fusion. Thus, it could be suggested that this 

membrane is derived from the phagosomal membrane of 

the host, as hypothesized by Kies (1974). Such 

compatibility might have also been ensured by membrane 

chimerization, which means acquisition of some host lipids 

and proteins, either during endosymbionts’ escape from the 

phagosome and/or by establishing vesicular connection 

based on the initial bacterial vesicular pathway (discussed 

in Bodył et al. 2016). The former process was also 

suggested to have contributed to the chimerization of 

primary plastid outer membrane (Bodył et al. 2009a). The 

inner chromatophore membrane, similarly to primary 

plastids, is derived from the cyanobacterial plasmalemma 

(Bodył et al. 2016). 

 

 

Paulinella chromatophores are true cellular 
organelles 
 
The fact that Paulinella endosymbionts are so deeply 

integrated with their host has been the subject of a hot 

debate, for many years, whether they really represent true 

cell organelles or barely endosymbionts (see Bhattacharya 

and Archibald 2006; Theissen and Martin 2006; Bodył et al. 

2007, 2012). The presence of protein import machinery 

indicates that the chromatophores are true organelles, but 

they differ in some aspects from primary plastids. 

The presence of protein import machinery is the 

essence of the commonly accepted discrimination between 

endosymbionts and organelles provided by Cavalier-Smith 

and Lee (1985). According to them endosymbionts should 

preserves all genes important for their functioning and, as a 

result, they do not require to import proteins from the host 

cell. In contrast, organelles retain only a small fraction of 

their original gene pool, and depend on nuclear-encoded 

proteins imported via established import mechanisms 

using proper targeting signals. 

In light of the definition of Cavalier-Smith and Lee 

(1985), Paulinella chromatophores are bona fide organelles. 

They have experienced significant genome reduction and 

EGT. Furthermore, some of the transferred genes, including 

genes involved in photosynthesis, are imported into the 

chromatophores in vesicles of the host’s endomembrane 

system (see previous sections). Mackiewicz et al. (2012a) 

also found that some of the EGT-derived proteins carry 

signal peptides, that could be used by the classical co-

translational transport pathway. These signal peptides 

could have evolved either from host or 

cyanobacterial/endosymbiont sequences, by exon shuffling 

or modifications of the N-terminal hydrophobic parts of the 

proteins, respectively. 

 

 

Why Paulinella chromatophores import only 
a special subset of nuclear-encoded proteins? 
 
The eight EGT-derived proteins presumably imported into 

Paulinella chromatophores and the two for which import 

was confirmed experimentally are characterised by low 

molecular weight and nearly neutral charge (Nowack et al. 

2011; Mackiewicz et al. 2012a). Although these features 

constitute good adaptations to their passage through the 

peptidoglycan wall, still preserved between the outer and 

inner chromatophore membrane (Figure 1B), they also 

gives us a very important clue about the protein import 

machinery itself. It suggests that the system is best suited 

for small proteins and perhaps cannot serve larger 

polypeptides (Nowack et al. 2011; Mackiewicz et al. 2012a). 

Undoubtedly, Paulinella photosynthetic bodies are true 

cellular organelles, but they import much less nuclear-

encoded proteins than primary plastids (Kleine et al. 2009). 

This phenomenon seems to result from both the presence 

of the peptidoglycan wall and the import of nuclear-

encoded proteins via the endomembrane system. Evolution 

of a channel-based translocon in the outer chromatophore 

membrane and its connection with the Tic-like translocon 

in the inner membrane, as it is observed in galucophyte 

plastids with the peptidoglycan wall (Wunder et al. 2007), 

could bypass these obstacles in future. 

 

 

Further candidates for cyanobacterium-
derived organelles 
 
There are many other interesting endosymbiotic 

associations between eukaryotes and cyanobacteria, in 

addition to P. chromatophora (Rai et al. 2003). Some of 

them have reached a relatively advanced level of 

integration with their host cells. Especially notable is a 

diatom Rhopalodia gibba, which harbours coccoid 

cyanobacteria responsible for nitrogen fixation (Prechtl et 

al. 2004). Interestingly, these endosymbionts are vertically 

transmitted and their genome have been subjected to 

reductive evolution characteristic of other endosymbionts. 

The genome have become rich in AT and decreased its size, 

whereas many genes were lost, fused, truncated or became 

pseudogenes (Prechtl et al. 2004; Kneip et al. 2008). Such 

endosymbionts seem to be on a good way to become true 

cellular organelles. 
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