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Summary

Plantae (as defined by Cavalier-Smith, 1981) [1] plastids
evolved via primary endosymbiosis whereby a heterotrophic
protist enslaved a photosynthetic cyanobacterium. This “pri-
mary” plastid spread into other eukaryotes via secondary
endosymbiosis. An important but contentious theory in
algal evolution is the chromalveolate hypothesis that posits
chromists (cryptophytes, haptophytes, and stramenopiles)
and alveolates (ciliates, apicomplexans, and dinoflagellates)
share a common ancestor that contained a red-algal-derived
“secondary” plastid [2]. Under this view, the existence of sev-
eral later-diverging plastid-lacking chromalveolates such as
ciliates and oomycetes would be explained by plastid loss
in these lineages. To test the idea of a photosynthetic ances-
try for ciliates, we used the 27,446 predicted proteins from the
macronuclear genome of Tetrahymena thermophilato query
prokaryotic and eukaryotic genomes. We identified 16 pro-
teins of possible algal origin in the ciliates Tetrahymena and
Paramecium tetraurelia. Fourteen of these are present in
other chromalveolates. Here we compare and contrast the
likely scenarios for algal-gene origin in ciliates either via mul-
tiple rounds of horizontal gene transfer (HGT) from algal prey
or symbionts, or through endosymbiotic gene transfer (EGT)
during a putative photosynthetic phase in their evolution.

Results and Discussion

Rationale for Study

Multiple sources of data reveal that the evolutionary history of
photosynthesis in eukaryotes has followed a circuitous path
via serial plastid captures, i.e., endosymbioses [2, 3]. The story
begins with the primary plastids of Plantae (i.e., glaucophyte,
green algae, and red algae) that resulted from the ancient
(putatively single) engulfmentand enslavement of acyanobacte-
rial endosymbiont [4-6]. Thereafter, this plastid was transferred
at least three times through eukaryote-eukaryote (secondary)
endosymbioses [3]. It has been suggested that the chromist al-
gae (the chlorophyll c-containing haptophytes, cryptophytes,
photosynthetic stramenopiles such as chrysophytes, diatoms,
and phaeophytes), the nonphotosynthetic stramenopiles (e.g.,
oomycetes and bicosoecids), and the alveolates (dinoflagel-
lates, apicomplexans, and ciliates) evolved from a single com-
mon ancestor that contained a secondary plastid of red-
algal origin. These taxa are postulated as the supergroup
Chromalveolata [2]. Ciliates are an independent branch within
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alveolates [7, 8], and in contrast to most dinoflagellates and
apicomplexans (that form sister groups of each other), there
is currently no evidence of a plastid or a plastid-derived com-
partment in this group. The question remains unanswered
whether ciliates once harbored a secondary algal endosym-
biont, putatively like other alveolates and were therefore
also once photosynthetic. This issue was recently clarified
for apicomplexans with the finding of the marine protist
Chromera velia that is the closest known photosynthetic rel-
ative of these parasitic taxa [9].

The chromalveolate hypothesis [2] is primarily supported by
phylogenetic analysis of plastid-encoded [10] and plastid-tar-
geted [11] proteins, which most often show a red-algal origin of
this organelle. However, some analyses also provide evidence
for green-algal genes of plastid function that are encoded in
the nucleus of chromalveolates [12, 13]. Because of their spo-
radic distribution, it is unclear whether these genes have arisen
through independent HGTs or from EGT. Recent multigene
analyses of nuclear genes support the monophyly of crypto-
phytes and haptophytes [14, 15] and the surprising inclusion
of the supergroup Rhizaria within chromalveolates [14, 16].
Most single- and multigene analyses support alveolate mono-
phyly and their sister group relationship to stramenopiles [17-
19] (see Figure 1). Therefore, although the overall chromalveo-
late phylogenetic framework remains to be elucidated, the
evidence is reasonably strong that many of its constituent
members had a photosynthetic ancestry. This hypothesis is
supported by analysis of nuclear genome data from the para-
sitic, plastid-lacking oomycetes (stramenopiles) in which 30
candidate genes of putative cyanobacterial and algal (i.e.,
endosymbiotic) origin were found in two Phytophthora species
[20]. Similarly, phylogenomic analyses of apicomplexan com-
plete genomes turned up dozens of nuclear genes of putative
endosymbiotic origin in Cryptosporidium parvum (219 genes),
Plasmodium falciparum (207 genes), Theileria parva (180
genes), and Toxoplasma gondii (87 genes), including 21 genes
shared between the four species [21]. Surveys of the nonpho-
tosynthetic alveolates Perkinsus marinus (oyster parasite) [22]
and Oxyrrhis marina (early diverging dinoflagellate) [23] also
uncovered genes of putative secondary endosymbiotic origin
in the nuclear genomes. Although these numbers are difficult
to compare with each other because of widely different bioin-
formatic approaches that were used, the data clearly demon-
strate that even in the absence of a plastid (e.g., C. parvum),
secondary endosymbionts leave detectable “footprints” in
the nuclear genomes of chromalveolates. Given this observa-
tion, we asked the question, do ciliates also contain genes of
algal origin that may bespeak a photosynthetic past for this
lineage? Existing studies of the macronuclear genome of the
ciliates Tetrahymena thermophila and Paramecium tetraurelia
have provided negative results in this respect [24, 25]. Here we
reinvestigate this issue by using a phylogenomic approach
followed by detailed searches of public databases and phylo-
genetic analysis of target genes on a gene-by-gene basis. Our
goal was twofold, first to identify ciliate genes of putative algal
origin, and second to investigate how these genes originated,
either via EGT because of a photosynthetic past or recurrent
HGT from different algal sources.
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Figure 1. The Chromalveolate Hypothesis and Secondary Endosymbiotic
Gene Transfer

The current phylogenetic framework for this supergroup based on multi-
gene analyses is shown with the filled circles marking well-supported
deep nodes. The chromists do not form a monophyletic group in these trees.
Genome analyses demonstrate the footprint of a plastid-containing ances-
try in nonphotosynthetic groups via the existence of remnant, putative
endosymbiont genes in their nucleus (e.g., oomycetes [20], apicomplexans
[21, 36], and ciliates [this paper]). The chromalveolates clearly had a red-
algal secondary endosymbiont, but evidence also exists for green-algal-
derived genes in these taxa [12].

Phylogenomic Analysis

We identified 16 trees that contain branches with moderate to
high (=70% bootstrap probability with at least one maximum
likelihood approach; see Experimental Procedures section)
uniting ciliates (i.e., Tetrahymena and Paramecium) with other
chromalveolates and Plantae (primary algae and land plants)
(Table 1). These algal genes have functions that go beyond
plastid metabolism and here are interpreted as markers of
algal gene transfer rather than strictly as evidence of a former
plastid in ciliates. Six (Figure 2A and Figures S1, S2, S4, S6,
and S7 available online) of the 16 trees contain a Euglena
gracilis homolog that branches within Plantae (Figure 2A and
Figures S1, S2, S6, and S7) and chromalveolates (Figure S4).
These euglenid genes are most likely derived via EGT from
the green algal-derived secondary endosymbiont in this line-
age; i.e., in 4/5 cases, the Euglena homolog is nested within
the green clade. In addition, in the proton-translocating pyro-
phosphatase tree (Figure S14), a homolog (derived from
a partial EST) from the heterolobosean Stachyamoeba lipo-
phora branches within chromalveolates, suggesting a recent
HGT into this species from a chromalveolate source. Impor-
tantly, most of the 16 ciliate proteins have homologs in api-
complexans, oomycetes (nonphotosynthetic) (12/16; Table 1
and Figures S2, S5, S7-S11, and S12-S16), and/or diatoms,
haptophytes, dinoflagellates, and cryptophytes (photosyn-
thetic) (11/16; Table 1 and Figures S1, S2, S4, S5, S7, S9-S11,
S13, S14, and S16). Both the tree topology and gene distribu-
tion data imply therefore an ancient shared ancestry of these
sequences in chromalveolates. In some trees (4/16; Figures

S5, S11, S12, and S15), the branch containing ciliates, chro-
malveolates, and Plantae is related to other eukaryotic homo-
logs (e.g., opisthokonts and excavates). The HNH endonucle-
ase (Figure S3) is unique to Plantae and ciliates, and the
PA-domain-containing protein (Figure S10) is exclusively
found in Plantae and chromalveolates (including ciliates). We
suggest that the origin of these latter two genes in chromal-
veolates is through ancient EGT or HGT. In either case, the
direction of transfer is likely to be from Plantae to chromalveo-
lates because of the absence of phagotrophy in Plantae, com-
bined with the well-known predatory (ciliates, dinoflagellates,
bicosoecids) and saprophytic (oomycetes) lifestyles in chro-
malveolates. Interestingly, in two trees (Figures S1 and S2),
chromalveolate (including ciliates) and Plantae proteins are
associated with cyanobacterial homologs (see below).

Another intriguing observation is that in eight trees (Figures
S4, S6-S9, S13, S14, and S16), the branch including ciliates,
other chromalveolates, and Plantae is closely related to
homologs from noncyanobacterial prokaryotes. An example
is glucose-6-phosphate isomerase type /-B [26] (Figure 2A or
Figure S13 for a detailed tree) that was previously used to iden-
tify a well-supported branch uniting chromalveoltes and Plan-
tae [26]. Grauvogel et al. [26] interpreted this result as support
for the monophyly of these supergroups [26]. In contrast, we
postulate here that the type I-B clade indicates gene transfer
between Plantae and chromalvelates rather than support for
“host” monophyly. Under our preferred view, bacterial genes
originated in Plantae via a single ancient HGT and then were
transferred to the chromalveolate nucleus via secondary
endosymbiotic EGT. In support of this view, molecular phylo-
genetic analyses [14-16] until now fail to provide convincing
evidence for acommon ancestry of these supergroups. If chro-
malveolates and Plantae were monophyletic, our phyloge-
nomic approach should have identified a large number of
trees (inferred from conserved proteins) with well-supported
branches uniting these supergroups, rather than the 16 pro-
teins we found. An alternate more complex scenario for these
bacterial-derived genes involves multiple independent HGTs
in chromalveolates from different Plantae. Finally, the bacte-
rial-derived genes may have been present in the ancestral
eukaryote (e.g., derived from the protomitochondrion) and
over time were lost from all other supergroups except Plantae
and chromalveolates, thereby generating their monophyly due
solely to a shared gene presence. Although we cannot con-
vincingly prove (or disprove) any of these competing scenar-
ios, we suggest that the most likely explanation for Plantae-
chromalveolate gene monophyly observed here is secondary
endosymbiotic EGT via the substantiated connection between
these two supergroups. Three (Figures S6-S8) of these eight
bacterial-derived proteins are putatively plastid-targeted in
Arabidopsis (see Experimental Procedures and Cellular Local-
ization sections), reflecting a possible ancestral association
with plastid endosymbiosis (i.e., organelle function) in other
lineages. Finally, it should be noted that the number of identi-
fied trees is by definition a minimal estimate according to our
data set because of the loss of phylogenetic signal (i.e., trees)
in anciently diverged sequences (e.g., [27]).

Evaluating the Strength of the Ciliate-Plantae

Phylogenetic Relationship

Eight trees (Figures S1, S7, S8, S11-S13, S15, and S16) contain
branches that unite Plantae and chromalveolate (including cil-
iates) sequences with strong support (i.e., >89% bootstrap
probability, BP, with both RAXML and PhyML, and Bayesian
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Table 1. Ciliate Genes of Putative Endosymbiotic Origin Identified in Our Study

Figure Accession Number Annotation BS pCH npCH Bact PtT

S1 XP_001023477 delta 12 fatty acid 93/93 X
desaturase

S2 XP_001019413 folate/biopterin transporter 79/90 X X X X
family protein

S3 XP_001023127 HNH endonuclease family (0] X X
protein

S4 XP_001008692 PPI-Phosphofructokinase 91/78 X X
family protein

S5 XP_001024446 protein phosphatase 2A 97/84 X X X
regulatory B subunit

S6 XP_001019769 aminotransferase class IV 70/- X X X
family protein

S7 XP_001007903 hypothetical protein (MinD- 100/100 X X X X X
like ATPase)

S8 XP_001033476 kinase pfkB family protein 100/100 X X X
(ribokinase)

S9 XP_001021395 RNA methyltransferase. 50/79 X X X
TrmH family protein

S10 XP_001027786 PA domain containing o X X
protein

S11 XP_001031541 aldehyde dehydrogenase 100/100 X X
(NAD) family protein

S12 XP_001022369 hypothetical protein 99/100 X

S13 XP_001030231 glucose-6-phosphate 100/89 X X X
isomerase family protein

S14 XP_001031634* inorganic H* PPi family 98/- X X X
protein (vacuolar-type)

S15 XP_001024882 ATPase, AAA family protein 100/100 X

S16 XP_001031763 hypothetical protein 100/100 X X X

(glycosyl-transferase)

Abbreviations: BS, 100-replicate bootstrap proportion support of the ciliate-chromalveolate-Plantae clade (see text). RAXML value/PHYML value; O, only
present in chromalveolates and Plantae; pCH, homologs present in photosynthetic chromalveolates (e.g., diatoms, dinoflagellates, and haptophytes);
npCH, homologs present in nonphotosynthetic chromalveolates (e.g., apicomplexans and oomycetes); Bact, most closely related homologs in bacteria;

Pt T, plastid targeted according to TargetP and Predotar.

*The Tetrahymena thermophila entry was removed from GenBank due to reannotation. However, two orthologs are present in Paramecium tetraurelia.

posterior probability, PP = 1.0; see red circles in Supplemental
Figures). In addition, in four other trees (Figures S2, S4, S5, and
S14), the branch uniting chromalveolates (including ciliates)
and Plantae is highly supported (>90 BP, PP = 1.0) by at least
one maximum likelihood approach. The interrelationships
within these clades are, however, unresolved. As described
above, in 7/12 trees the Plantae-chromalveolate branch in-
cludes other non-Plantae, nonchromalveolate eukaryotes (i.e.,
Euglena in Figure S1 and Stachyamoeba in Figure S14) or
prokaryotes (e.g., Leptospira in Figure S15) that we attribute
to independent HGT or EGT events.

To assess ciliate-chromalveolate-Plantae monophyly, we
used the approximately unbiased (AU) test to generate likeli-
hoods for trees that repositioned ciliates with non-Plantae
and forced the monophyly of ciliates with other chromalveo-
lates (see Experimental Procedures). For this analysis, nine
RAXML trees were selected in which chromalveolates were
nonmonophyletic and/or their relationship within or as sister
to the Plantae was not robustly supported (i.e., Figures S1,
S2, S84, S5, S7-S9, S12, and S13). The results of this analysis
(with a significance value of p < 0.01) show that in 8/9 cases
(i.e., excluding protein phosphatase 2A regulatory B subunit;
Figure S5, Table S4), disruption of the Plantae-chromalveolate
clade by placing members outside of this group produced tree
topologies that were significantly worse than the best maxi-
mum likelihood (i.e., RAXML) tree. In 8/9 trees, forcing chro-
malveolate monophyly was not significantly rejected (Tables
S1-S8). Only for glucose-6-phosphate isomerase (G6PF,

Figure S13 and Table S9) did the AU test reject this topological
rearrangement. These results provide two key insights: (1)
it would be unwise to overinterpret the internal branching pat-
terns within the chromalveolate-Plantae clades according to
these single-protein trees; however, (2) the monophyly of
these supergroups (which we interpret as EGT or HGT from
Plantae to chromalveolates) is not rejected. It is worth consid-
ering therefore that what on the surface appears to be exam-
ples of multiple HGTs from Plantae may simply reflect the
inability to capture ancient phylogenetic signal from single
proteins to substantiate EGT (for discussion, see [28]). This
is particularly true for ciliates [29] and parasitic taxa such as
apicomplexans [30] and oomycetes, many of which have un-
dergone rapid and heterogeneous rates of protein evolution.
These single-protein trees may, however, prove significantly
more conclusive in the future with the addition of a broader
taxonomic diversity of Plantae. For example, the red algae
are represented in our analysis by two thermoacidophiles
with highly reduced genomes (Cyanidioschyzon merolae
[16.5 Mb; 5331 genes] and Galdieria sulphuraria [ca. 15 Mb];
Cyanidiales). Lack of a red-algal homolog in some trees (e.g.,
Figures S10 and S16) could be explained by the loss of homo-
logs only in Cyanidiales; i.e., addition of data from mesophilic
reds would change our interpretation.

Potential Cyanobacteria-Derived Ciliate Genes
The phylogenetic tree of the putative folate/biopterin trans-
porter (pFBT; Figure 2B; Figure S2) is intriguing because it
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(A) The protein of the glucose-6-phosphate isomerase family (see Figure S$13 for full tree) from Plantae (green boxes for green algae and land plants, red for
red algae, and purple for glaucophytes) and chromalveolates (orange boxes) is closely related to bacterial (light gray triangles) homologs. Other non-Plantae

or nonchromalveolate eukaryote clades are indicated (dark gray triangles).

(B) This is the tree of the folate-biopterin transporter (FBT) and provides evidence of a cyanobacterial gene origin (blue box) in Plantae (see above) and then
its transfer into chromalveolates via EGT. In both trees the maximum liklihood (RAXML) bootstrap values are shown on the left of the slash mark and PHYML
bootstrap values on the right. Only bootstrap values >50% are shown. The asterisks indicate that these nodes have the same bootstrap support from both
RaxML and PHYML analyses. The thick lines indicate branches with a Bayesian posterior probability >0.95. Branch lengths are proportional to the number of

substitutions per site (see the scale bars).

points to a possible cyanobacterial gene origin in ciliates. This
putative vitamin transporter is present in plants as both plas-
tid-targeted and nonplastid isoforms. In our tree (Figure 2B),
pFBT from chromalveolates groups with the non-plastid-tar-
geted Plantae proteins (including the euglenids Astasia longa
and Euglena gracilis) as sister to the plastid-targeted (i.e., in
Arabidopsis) and cyanobacterial homologs. This topology
suggests that cytosolic pFBT evolved in Plantae via duplica-
tion of the cyanobacterial gene, followed by co-option of one
gene for cytosolic functions. Cytosolic pFBT has not yet
been detected in red algae. These results may indicate a pos-
sible plastid (cyanobacterial) ancestry of chromalveolate
pFBT. Distantly related pFBT homologs exist in trypanosoma-
tids (ca. 25% similarity by BLASTP over a 200 amino acid
region), but these sequences give rise to unreliable, partial
protein alignments and were excluded from the final analysis.
Another interesting result is the delta-12 fatty acid desaturase
(FAD2) tree (Figure S1). The ciliate homolog is included in
a highly supported (93% BP) clade that includes cyanobacte-
ria, diatoms, Isochrysis, Ostreococcus spp., Cyanidioschyzon,
and Euglena. The ciliate and two diatom proteins are robustly
(>95% BP) separated from the remaining sequences in this
clade. The cyanobacterial-derived protein has a putative
nonplastid function in Ostreococcus spp. and Cyanidioschy-
zon. A possible explanation for this result is that the Plantae

ancestor recruited cyanobacterial FAD2 for lipid metabolism
and later the gene was transferred to the chromalveolate
ancestor. There is, however, another FAD2 clade that is clearly
of noncyanobacterial origin with homologs shared with the
green lineage, fungi, and other protists. This group of enzymes
has a cytosolic function. The phylogenetic affiliation of Plantae
and cyanobacterial proteins for pFBT fits well with an ancient
origin through EGT [27, 31, 32], whereas the FAD2 tree topol-
ogy suggests gene gains through HGT.

Cellular Localization

Cellular targeting predictions via the Arabidopsis homologs
(see Experimental Procedures) revealed that six (i.e., putative
folate/biopterin transporter, putative HNH endonuclease, sub-
unit B of the protein phosphatase 2A, aminotransferase class
IV, MinD-like hypothetical protein, kinase of the pfkB family)
of the 16 proteins are likely to be plastid targeted in plants
(see Table 1). The putative functions of these proteins are di-
verse, including membrane transport, modulation of protein
activity, carbohydrate metabolism, and amino acid biosyn-
thesis degradation. Closer inspection of the non-Plantae
sequences uncovered that the folate/biopterin transporter
proteins (Figure S2) from Phaeodactylum, Phytophthora, and
some apicomplexans, but not ciliates, have amino (N-) termi-
nal extensions (ranging in size from 19 to 46 aa) when
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compared to the cyanobacterial homologs. These N-terminal
extensions do not contain potential cleavable sites according
to SignalP (http://www.cbs.dtu.dk/services/SignalP). Simi-
larly, MinD-like proteins (Figure S7) from ciliates, Phaeodacty-
lum, and Phytophthora have N-terminal extensions (20-80 aa)
in comparison to the prokaryotic homologs. However, none
of these proteins appear to be organelle (i.e., apicoplast or mi-
tochondrial) targeted. The remaining chromalveolate homo-
logs of the Arabidopsis plastid-targeted proteins apparently
do not contain protein extensions. These results may be
explained by the possible retargeting of former plastid pro-
teins to different cell locations (e.g., cytosol) to express novel
functions. The other 10 Arabidopsis homologs are unlikely to
be plastid localized (Table 1) and are apparently involved in a
broad range of functions including carbohydrate metabolism
(PPI-phosphofructokinase, Figure S4; glucose-6-phosphate
isomerase type I-B, Figure S13), lipid biosynthesis (delta
12 fatty acid desaturase, Figure S1), RNA processing (RNA
methyltransferase, Figure S9), oxidoreductase activity (NAD-
dependent aldehyde dehydrogenase, Figure S11), and bioner-
getic metabolism (inorganic H* pyrophosphatase, Figure S14).
Glucose-6-phosphate isomerase type /-B is an interesting
case because the Arabidopsis homolog is a cytosolic protein,
whereas the Chlamydomonas and red-algal homologs have
evolved secondarily into plastid-targeted isoforms [26].

EGT versus HGT for Algal-Gene Origin in Ciliates
Although it is currently impossible to prove conclusively which
fraction of the 16 genes of algal origin in ciliates originated via
HGT versus EGT, the branching pattern for many protein trees
suggests an ancient origin in alveolates with several genes be-
ing shared with other chromalveolates. This result is explicable
under the prevailing views of chromalveolate evolution [2, 8,
10], although ancient HGTs would also lead to a taxonomically
broad distribution of algal genes in chromalveolates. Under
the competing model of random gene introductions into cili-
ates over their long history, we might expect to find fewer ex-
amples of the monophyly of alveolates and chromalveolates
with Plantae (as seen here) and more evidence for sporadic, re-
cent HGTs from algal sources in these taxa. In this regard, the
ciliate proteins shared only with Plantae (HNH endonuclease;
Figure S3), and with Plantae and Euglena among eukaryotes
(aminotransferase class IV; Figure S6), are likely candidates
for origin through independent HGTs from Plantae sources.
Under the EGT scenario, it is not surprising that virtually all of
the algal-derived plastid targeted proteins have been lost from
ciliates. An analogous example is the “loss” (i.e., deletion or
high divergence) of the vast majority of genes encoding mito-
chondrial proteins in the nuclear genome of parasitic protists
like Entamoeba histolytica [33] and Giardia lamblia [34]. These
species have secondarily lost most of the mitochondrial func-
tions and retain a remnant organelle (mitosomes) with limited
metabolic roles (e.g., Fe-S cluster biosynthesis). Thus, it is
not surprising that once an organelle is lost or degenerates,
the nuclear genes associated with its canonical function
(e.g., oxidative phosphorylation in mitochondria and photo-
synthesis in plastids) and maintenance are also lost, leaving
behind only vestiges of the ancestral condition. In our study,
this vestige includes a set of genes (11/14, discounting two po-
tentially HGT-derived candidates) that are shared with another
previously photosynthetic lineage, the oomycetes [20]. There-
fore, when the putative plastid was lost in the ciliate ancestor,
most of the genes (likely several hundred) associated with the
function of this organelle would also be expected to be

jettisoned, with the exception of those recruited for nonplastid
functions. This is essentially what we find with remnant algal
genes involved in general processes like amino acid, nucleic
acid, and lipid metabolism (Table 1).

In summary, we stress that our study does not address the
evolution of photosynthesis in the entire chromalveolate group
but rather uses this hypothesis to guide our work with alveo-
lates. There is much still left to be learned about plastid gain
and loss in this lineage, and many of these insights will come
not from analyses of algae but nuclear genes in currently non-
photosynthetic (e.g., Perkinsus [22, 35], Oxyrrhis [23], katable-
pharids, telonemids [14]) and plastid-lacking (Cryptosporid-
ium parvum [36]) taxa to unearth information about their past
“lives.” In summary, our analyses show that Tetrahymena
and Paramecium contain algal-derived genes whose presence
do not prove but fit well with the modus operandi for photosyn-
thetic algae that have secondarily lost the canonical plastid or
its ancestral functions (e.g., oomycetes and apicomplexans).
Proof for an algal past for ciliates would come from the finding
of an as-yet undescribed photosynthetic ancestor for this lin-
eage. The recent description of the plastid-bearing Chromera
velia [9] as a relative of apicomplexan parasites suggests that
this development is formally possible.

Experimental Procedures

Phylogenomics

To identify genes of putative algal origin in ciliates, we screened the 27,466
predicted proteins from the Tetrahymena thermophila complete macronu-
clear genome [25] by reciprocal BLAST (WU-BLAST with e-value < 0.001)
against a 13 species Plantae data set assembled from completed genomes
and EST libraries (274,434 sequences). Our data set included six green algae
and land plants (Arabidopsis thaliana, Chlamydomonas reinhardltii, Oryza
sativa, Physcomitrella patens, Ostreococcus spp., and Volvox carteri), five
red algae (Chondrus crispus, Cyanidioschyzon merolae, Gracilaria gracilis,
Porphyra yezoensis, and Galdieria sulphuraria), and two glaucophytes
(Cyanophora paradoxa and Glaucocystis nostochinearum). This search
identified 3997 candidate proteins. We excluded proteins at this step that
had significant BLAST e-values but only partial (i.e., domain) conservation
over the entire sequence alignment.

We used PhyloGenie [37] to run a phylogenomic analysis of the 3997 Tet-
rahymena candidates against a local database comprised of >500 genomes
(2 ciliates, 13 Plantae, 14 chromalveolates, 14 cyanobacteria, 4 animals, 6
fungi, 500 bacteria, 3 Amoebozoa, and 5 excavates; the complete taxon
list available upon request from D.B.) for a total of 2,558,167 protein se-
quences. The PhyloGenie BLAST e-value cut-off was set at <1e~® and dis-
tance trees were generated according to neighbor-joining (NJ) with Poisson
distance correction and 100 bootstrap replicates. We used our tree-topol-
ogy-search tool PhyloSort [38] to identify all NJ trees that showed mono-
phyly of ciliates and Plantae (with or without chromalveolates included
within the clade). Considering a minimum of 50% BP, we found 246 trees
(representing 184 unique gene families) matching the topological constraint.
After a manual review of the 246 alignments and trees of the matching
Tetrahymena genes, we selected a set of 133 genes for a second round of
phylogenetic analysis by using PHYML and the JTT model of amino acid
substitution, gamma distribution with 4 substitution rate categories, and
100 bootstrap replicates.

Manual inspection of the 133 PHYML trees revealed 25 topologies that
showed unambiguous clades that included ciliates, chromalveolates, and
Plantae. We reevaluated these 25 candidate trees by including homologous
proteins not included in our local genome database. This was done through
BLAST searches against the GenBank, JGI, and TBestBD databases to ad-
dress as broad a set of target taxa as possible. To ensure accuracy, trans-
lated sequences from EST databases (e.g., TBestBD) were included in our
final alignments only if they contained >50% of the total number of charac-
ters. The protein data sets were realigned with ClustalX [39] and manually
refined. The alignments are available in the Supplemental Tables. The final
ML trees were estimated with RAXML (VI-HPC, v2.2.1) [40] by the WAG sub-
stitution model, gamma distribution (‘PROTGAMMA?” implementation), with
four discrete rate categories, and starting from a random tree. The branch
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support was evaluated with 100 bootstrap replicates with both RAxML
(WAG substitution model and the “PROTCAT” implementation) and PhyML
(WAG + T substitution model, and parameters estimated during the tree
search). Posterior probabilities of tree nodes were calculated with MrBayes
3.1 [41] running a MC2 for 1 million generations with 1 cold and 3 heated
chains starting with a random tree. The pool of trees was sampled every
100t generation. Final posterior probabilities were estimated after discard-
ing the trees of the first 2.5 x 10° generations.

Approximately Unbiased Test

We generated alternative hypothesis to assess the monophyly of chromal-
veolates and their relationship to Plantae. Prior to generating the alternative
trees, we removed the long-branched Euglena gracilis sequences (genes of
known secondary EGT origin) and other partial sequences generated from
ESTs from the data sets. Nine ML trees were used as starting points to iden-
tify likely alternative topologies. First, we generated a monophyletic chro-
malveolate branch, then the “new” clade was removed and added to other
likely branches (see Table S1) in the respective backbone tree. The site-by-
site likelihoods were estimated for each alternative tree with TreePuzzle [42]
with the WAG + I" (four rate categories) substitution model and the -wsl
option. The AU test was done with CONSEL V0.1i [43] to identify the set of
plausible tree topologies for each protein data set.

Protein-Targeting Predictions

To gain insights into the identity and function of the algal proteins, we as-
sessed their putative cellular locations. Given that the available computa-
tional tools have been “trained” extensively with land plant sequences,
we used the Arabidopsis thaliana (if present in the tree) proteins that group
with ciliates and chromalveolates to predict the cellular location of the plant
homolog using Predotar V1.03 (http://urgi.versailles.inra.fr/predotar/
predotar.html) and TargetP 1.1 Server (http://www.cbs.dtu.dk/services/
TargetP).

Supplemental Data

Sixteen figures and nine tables are available at http://www.current-biology.
com/cgi/content/full/18/13/956/DC1/.
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