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In their recent Opinion article on endosymbiosis and the
tree of life, Lane and Archibald [1] focused on the chro-
malveolate hypothesis [2] that all eukaryotes with plas-
tids derived secondarily from a red alga are descended
directly from a single, common ancestor. They pointed out
that no data actually support a monophyletic grouping of
all these taxa, and highlighted growing phylogenetic con-
flicts with the traditional Chromalveolata. To resolve
these contradictions, they offered an expanded version
of the ‘chromalveolates,” with additional independent
plastid losses from the added heterotrophiclineages. More
recent phylogenetic analyses suggest that, if a model of
direct vertical descent of these plastids is to be accommo-
dated, further expansions of the original Chromalveolata
are needed [3-5]. In fact, several investigations, including
perhaps the broadest combined sampling of genes and
taxa to date [3], indicate that Archaeplastida (=Plantae)
is descended from the same ancestor as chromalveolate
taxa [3-5]. Interpreted within the confines of the chromal-
veolate model of plastid descent, this would require a
secondary red algal endosymbiont to have existed before
red algae ever originated, clearly an evolutionary impossi-
bility (Figure 1).

The failure to find support for a monophyletic Chromal-
veolata is particularly significant given that predicted
phylogenetic artifacts, described by Lane and Archibald
[1], should favor that association. Therefore, in light of
growing difficulties with the chromalveolate hypothesis,
we propose an alternative model of plastid evolution, a
single secondary red algal endosymbiosis followed by ter-
tiary endosymbioses that moved these plastids between
unrelated, previously heterotrophic taxa (Figure 1). We
argue that serial endosymbioses are more consistent with
available data than is the vertical descent required by the
chromalveolate model.

Plastid-related characters do not favor the
chromalveolate model

Much of the published support for chromalveolates comes
from plastid-derived characters, particularly shared pro-
ducts of endosymbiotic gene replacement such as glycer-
aldehyde-3-phosphate dehydrogenase (GAPDH) [1].
Phylogenies of gapdh and similar genes are complicated
by duplications and horizontal gene transfers [6], however,
and are inconsistent with the pattern of vertical plastid

Corresponding author: Bodyt, A. (bodyl@biol.uni.wroc.pl).

inheritance indicated by the chromalveolate model [7]. In
fact, it is not yet clear that plastid characters as a whole
support a single secondary origin of chromalveolate plas-
tids [8], or even that all ‘chromalveolate’ plastids are
derived originally from a red alga [9]. More importantly,
any plastid-related character that links two or more chro-
malveolate taxa is, by itself, equally consistent with serial
plastid transfer as it is with direct descent. In several
cases, these data are more consistent with tertiary trans-
fers [7,10]. Thus, as Lane and Archibald reiterate, plastid
characters themselves do not support the chromalveolate
model directly; rather, it is the enormous a priort weight
placed on plastid loss over plastid gain when interpreting
those characters [1].

Complete loss of plastids is a rare evolutionary event
From the beginning, the Chromalveolata was based largely
on the proposition that converting endosymbionts into
organelles must be so difficult that plastid losses should
be favored enormously over gains [1,2]. This argument has
not received empirical support. Although there are numer-
ous cases of loss of photosynthesis from plants and algae,
evidence for complete plastid loss from a verified photo-
synthetic lineage is exceedingly rare. Plastids fulfill
numerous vital, non-photosynthetic functions (e.g. fatty
acid and isoprenoid biosynthesis), and nearly all known
plant and algal parasites retain reduced forms of the
organelle [11]. The numerous independent losses from
free-living species required by the chromalveolate model
are even more unlikely [12]. In fact, upon closer inspection,
reduced plastids have been found in several derived
lineages once thought to have lost them completely [13,14].

Citing several recent studies, Lane and Archibald [1]
suggest that the presence of algal-like genes in hetero-
trophic or parasitic chromalveolates represents direct evi-
dence for plastid loss. We strongly disagree with this
interpretation. Recovery of small numbers of such
sequences in aplastidic protists could be explained by
stochastic variation and unidentified phylogenetic biases
within large, complicated genomes [15], or by horizontal
gene transfer from countless prey species (the ‘you are
what you eat’ hypothesis) [16]. For example, phagotrophic
ciliates harbor long-term algal endosymbionts and contain
various genes from prey species in their nuclei [17]. There
appears to be no clear justification for an a priori assump-
tion that putatively ‘algal’ genes favor plastid losses over
reasonable alternative hypotheses.
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Figure 1. Evolution of chlorophyll c-containing plastids through tertiary endosymbioses. The tree topology reflects the results of several recent phylogenomic
investigations [3-5]. We presume that all modern plastids are derived from a single cyanobacterial endosymbiosis in the common ancestor of the kingdom Archaeplastida
(=Plantae). These primary plastids then were spread to distinct eukaryotic lineages by multiple endosymbioses involving green algae (green ellipses) as well as red algae
and algae with red algal-derived plastids (arrows). Cryptophytes acquired their plastid directly from a red alga via secondary endosymbiosis. Our tertiary model postulates
that, before acquisition of a eubacterial rp/36 gene [18], a photosynthetic cryptophyte was transferred to one group within the Heterokonta, and a heterokont was adopted
subsequently by the Chromera lineage. The predecessor of haptophytes engulfed a different cryptophyte, containing the new rp/36 gene, and a haptophyte was further
enslaved by the common ancestor of peridinin dinoflagellates, including Oxyrrhis and Perkinsus. The evolutionary origin of the apicoplast remains controversial, with data
suggesting an origin from either the red [7] or green [9,19] lineages. The chromalveolate model requires the very early acquisition of a red alga shown in the common
ancestor of cryptophytes, haptophytes, alveolates, heterokonts and rhizarians. To accommodate the terminal branching positions of most plastid-bearing taxa, it must
presume multiple independent plastid losses from all aplastidic descendent lineages, shown on this tree with gray branches. If the Archaeplastida also descended from this
same common ancestor [3-5], the chromalveolate model becomes impossible. A tertiary model pictured minimizes the number of plastid losses, provides an explanation
for modifications of chlorophyll ¢ plastids (e.g. distinct number of envelope membranes in different lineages) and reconciles plastid phylogenies with those of host cells
[7,10]. Well-established tertiary plastid origins in non-peridinin dinoflagellates (Lepidodinium, Karenia and Kryptopteridinium) [7] are omitted for clarity, but do not differ
between the two models.
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The phylogenetic distribution of chromalveolate
plastids favors independent tertiary origins

Red algal descended plastids are found in clearly polyphy-
letic taxa, each nested within lineages containing aplasti-
dic relatives (Figure 1). Moreover, photosynthetic taxa
frequently occur at derived positions, with multiple hetero-
trophic groups branching ancestrally. The number of inde-
pendent losses required to account for this pattern is
unreasonable (see above); it is far more parsimonious to
presume several tertiary transfers (Figure 1).

It is clear that plastid evolution in eukaryotes has
resulted in a complex phylogenetic pattern with many con-
flicts among molecular data. Although the chromalveolate
model cannot be rejected formally, neither should it serve as
the a priori framework for interpreting plastid character
evolution, endosymbiotic gene transfers or other intrage-
nomic phylogenetic conflicts. We argue that an alternative
model of serial tertiary endosymbioses is more consistent
with available data, and should be taken into account in
phylogenomic investigations of eukaryotic diversity.

Acknowledgements
We are grateful to Katja Bargum for valuable comments on the

manuscript. A.B. is supported by funds from Wroctaw University grant
BS/1018/2008.

References

1 Lane, C.E. and Archibald, J.M. (2008) The eukaryotic tree of life:
endosymbiosis takes its TOL. Trends Ecol. Evol. 23, 268-275

2 Cavalier-Smith, T. (1999) Principles of protein and lipid targeting in
secondary symbiogenesis: euglenoid, dinoflagellate, and sporozoan
plastid origins and the eukaryote family tree. J. Eukaryot.
Microbiol. 46, 347-366

3 Burki, F. et al. (2008) Phylogenomics reveals a new ‘megagroup’
including most photosynthetic eukaryotes. Biol. Lett. 4, 366-369

4 Patron, N.J. et al. (2007) Multiple gene phylogenies support the
monophyly of cryptomonad and haptophyte host lineages. Curr.
Biol. 17, 887-891

[ Letters Response

Trends in Ecology and Evolution Vol.24 No.3

5 Kim, E. and Graham, L.E. (2008) EEF2 analysis challenges the
monophyly of Archaeplastida and Chromalveolata. PLoS ONE 3, 2621

6 Takishita, K. et al. (2008) Origins of plastids and glyceraldehyde-3-
phosphate dehydrogenase genes in the green-colored dinoflagellate
Lepidodinium chlorophorum. Gene 410, 26-36

7 Bodytl, A. and Moszczynski, K. (2006) Did the peridinin plastid evolve
through tertiary endosymbiosis? A hypothesis. Eur. J. Phycol. 41, 435—
448

8 Iida, K. et al. (2007) Assessing the monophyly of chlorophyll-c
containing plastids by multi-gene phylogenies under the unlinked
model conditions. Mol. Phylogenet. Evol. 45, 227-238

9 Auch, A'F. et al. (2006) Genome BLAST distance phylogenies inferred
from whole plastid and whole mitochondrion genome sequences. BMC
Bioinformatics 7, 350

10 Bodyl, A. (2005) Do plastid-related characters
chromalveolate hypothesis? J. Phycol. 41, 712-719

11 de Koning, A.P. and Keeling, P.J. (2004) Nucleus-encoded genes for
plastid-targeted proteins in Helicosporidium: functional diversity of a
cryptic plastid in a parasitic alga. Eukaryot. Cell 3, 1198-1205

12 Borza, T. et al. (2005) Multiple metabolic roles for the
nonphotosynthetic plastid of the green alga Prototheca wickerhamii.
Eukaryot. Cell 4, 253-261

13 Sekiguchi, H. et al. (2002) Vestigial chloroplasts in heterotrophic
stramenopiles Pteridomonas danica and Ciliophrys infusionum
(Dictyochophyceae). Protist 153, 157-167

14 Matsuzaki, M. et al. (2008) A cryptic algal group unveiled: a plastid
biosynthesis pathway in the oyster parasite Perkinsus marinus. Mol.
Biol. Evol. 25, 1167-1179

15 Leigh, J.W. et al. (2008) Testing congruence in phylogenomic analysis.
Syst. Biol. 57, 104-115

16 Doolittle, W.F. (1998) You are what you eat: a gene transfer ratchet

could account for bacterial genes in eukaryotic nuclear genomes.

Trends Genet. 14, 307-311

Archibald, J.M. (2008) Plastid evolution: remnant algal genes in

ciliates. Curr. Biol. 18, R663-R665

18 Rice, D.W. and Palmer, J.D. (2006) An exceptional horizontal gene
transfer in plastids: gene replacement by a distant bacterial paralog
and evidence that haptophyte and cryptophyte plastids are sisters.
BMC Biol. 4, 31

19 Cai, X. et al. (2003) Apicoplast genome of the coccidian Eimeria tenella.
Gene 321, 39-46

support the

1

9

0169-5347/$ — see front matter © 2008 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tree.2008.11.003 Available online 4 February 2009

Reply to Bodyt, Stiller and Mackiewicz:
"“Chromalveolate plastids: direct descent or multiple

endosymbioses?’’

Christopher E. Lane’? and John M. Archibald’

"The Canadian Institute for Advanced Research, Integrated Microbial Biodiversity Program, Department of Biochemistry and
Molecular Biology, Dalhousie University, 5850 College Street, Halifax, NS B3H 1X5, Canada
2 Current address: Department of Biological Sciences, University of Rhode Island, 100 Flagg Road, Kingston, RI 02881, USA

Bodyt, Stiller and Mackiewicz [1] have written in response
to our recent Opinion piece [2] in which we discussed
progress and problems in resolving the deepest branches
of the eukaryotic tree using phylogenomics. The focus of
our paper was the challenge of inferring accurate phylo-
genies from multigene data sets that include sequences
from organisms that have acquired plastids by secondary
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(i.e. eukaryote-eukaryote) endosymbiosis and whose
nuclear genomes are a composite of genes from two (or
more) distinct nucleocytoplasmic lineages. We highlighted
the controversial eukaryotic supergroup ‘chromalveolates’
as a case in point and discussed changing views on the
evolution of photosynthesis in this diverse lineage in light
of recent large-scale phylogenomic studies. Bodyl, Stiller
and Mackiewicz [1] take issue with the chromalveolate
hypothesis [3] and our views on the tempo and mode of
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