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Abstract

According to the chromalveolate hypothesis (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), the four eukaryotic groups with chlorophyll c–containing plastids originate from a single photosynthetic
ancestor, which acquired its plastids by secondary endosymbiosis with a red alga. So far, molecular phylogenies have failed
to either support or disprove this view. Here, we devise a phylogenomic falsification of the chromalveolate hypothesis that
estimates signal strength across the three genomic compartments: If the four chlorophyll c–containing lineages indeed
derive from a single photosynthetic ancestor, then similar amounts of plastid, mitochondrial, and nuclear sequences
should allow to recover their monophyly. Our results refute this prediction, with statistical support levels too different to
be explained by evolutionary rate variation, phylogenetic artifacts, or endosymbiotic gene transfer. Therefore, we reject the
chromalveolate hypothesis as falsified in favor of more complex evolutionary scenarios involving multiple higher order
eukaryote–eukaryote endosymbioses.

Key words: eukaryote–eukaryote endosymbioses, chromalveolate hypothesis, phylogenomic falsification, variable length
bootstrap, multigene analysis.

Introduction
Bacterial endosymbiosis has been a major evolutionary
force in shaping eukaryotic cells as we know them today.
In an ancient event, an alphaproteobacterium gave rise to
mitochondria, which house respiration and oxidative phos-
phorylation along with a variety of other functions (Embley
and Martin 2006). A subsequent endosymbiosis with a cyano-
bacterium resulted in plastids capable of photosynthesis.
These ‘‘primary’’ plastids occur in Plantae (Archaeplastida),
that is, green algae and land plants, red algae, and glauco-
phytes (Palmer 2003; Reyes-Prieto et al. 2007; Gould et al.
2008). More recently in evolutionary history, nonphotosyn-
thetic eukaryotes came across another way of acquiring plas-
tids: engulfing a photosynthetic eukaryote instead of
a photosynthetic bacterium. When the symbiont is a member
of Plantae, the event is termed ‘‘secondary’’ endosymbiosis,
while ‘‘tertiary’’ (‘‘quaternary’’ etc.) endosymbiosis designates
engulfment of a symbiont that is already the product of a pre-
ceding eukaryote–eukaryote endosymbiosis (EEE). Evidence
for EEEs comes from the presence of three or four mem-
branes surrounding the plastid, which requires targeting
of nucleus-encoded plastid proteins with multipartite pre-

sequences (Cavalier-Smith 2003), and from less reduced
states, where the endosymbiont retains a vestigial nucleus
(nucleomorph) (Ludwig and Gibbs 1987).

Cryptophytes, alveolates, stramenopiles (heterokonts),
and haptophytes (in the following collectively referred
to as CASH) are four diverse and ecologically important
eukaryotic lineages that include both photosynthetic
and nonphotosynthetic taxa. CASH plastids likely arose
from a single initial event of secondary endosymbiosis with
a red alga (Palmer 2003; Reyes-Prieto et al. 2007; Gould et al.
2008) because 1) all photosynthetic species of CASH have
chlorophyll c, which is absent from all other algae (includ-
ing reds), and 2) in phylogenies based on plastid-encoded
genes (Yoon et al. 2002), as well as on certain nucleus-
encoded proteins involved in plastid function, for example,
plastid-targeted glyceraldehyde-3-phosphate dehydroge-
nase (GAPDH) (Fast et al. 2001), class II fructose-1,6-
bisphosphate aldolase (FBA-II) (Patron et al. 2004), and
phosphoribulokinase (PRK) (Petersen et al. 2006), a mono-
phyletic group of CASH lineages is recovered. Yet, it has
been controversial whether or not CASH plastids (and
nucleus-encoded gene products functioning in plastids)
were inherited strictly vertically, as postulated in the
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popular chromalveolate hypothesis (Cavalier-Smith 1999,
2003; Keeling 2009) (fig. 1A), or spread horizontally, as sug-
gested by ‘‘serial’’ or ‘‘multiple EEE’’ hypotheses (Cavalier-
Smith et al. 1994; Sanchez-Puerta et al. 2007; Archibald
2009) (fig. 1B).

By positing a single endosymbiosis at the origin of CASH
lineages, the chromalveolate hypothesis is the most parsi-
monious, though implying two debatable assumptions:
First, that EEE events are exceedingly rare, and second, that
the numerous plastid-lacking CASH species have all lost
their plastids secondarily and independently. In the com-
peting serial hypotheses, chlorophyll c–containing plastids
also originate by secondary endosymbiosis of a red alga
within a eukaryotic host; however, plastids subsequently
spread to distantly related CASH hosts via independent
higher order EEEs, leading to evolutionary chimeras resem-
bling Russian dolls (Cavalier-Smith et al. 1994; Bodyl 2005;
Sanchez-Puerta et al. 2007; Teich et al. 2007; Archibald
2009). Accordingly, the observed monophyly of plastid-
targeted nuclear gene products, such as GAPDH, FBA-II,
and PRK, would not be due to direct descent. Instead,
driven by coevolution with the serially transferred plastids,
these genes would relocate from the vanishing nucleus of
the photosynthetic endosymbiont (or nucleomorph) into
the nucleus of CASH hosts (Petersen et al. 2006; Teich et al.
2007). In recent years, plausibility of serial hypotheses has
increased with confirmed examples of independent higher
order EEEs in dinoflagellates (Hackett et al. 2004).

At present, both hypotheses are equally short of phylo-
genetic evidence. A key prediction of the chromalveolate
hypothesis, that is, the monophyly of CASH lineages, has
been extensively tested. Yet, results have been so far incon-
clusive because cryptophytes and haptophytes cannot be ro-
bustly located by phylogenomic analyses of nuclear genes
(Burki et al. 2007, 2008, 2009; Hackett et al. 2007; Patron
et al. 2007). Moreover, when reduced to the concept of
a single endosymbiosis at the base of CASH lineages, the chro-
malveolate hypothesis can accommodate phylogenetic coun-
terevidence by merely postulating additional plastid losses
(Keeling 2009). A point in case are the recent studies indicat-
ing that alveolates and stramenopiles are more related to
Rhizaria than to cryptophytes and haptophytes (Burki
et al. 2007, 2008, 2009; Hackett et al. 2007), leading to the
addition of this diverse supergroup to chromalveolates even
if most Rhizaria are nonphotosynthetic—thus do not share
any of the characters originally used to unite CASH lineages
(Cavalier-Smith 1999, 2003). Curiously, the few photosyn-
thetic species within this group harbor plastids of green algal
origin (Palmer 2003; Reyes-Prieto et al. 2007; Gould et al.
2008).

Here, we present a phylogenomic falsification (Popper
1959) of the chromalveolate hypothesis that does not re-
quire full resolution of the eukaryotic tree. The central idea
is that the signal strength for CASH monophyly should be
comparable across plastid, mitochondrial, and nuclear
genes owing to a common history of the three genomes
(Patron et al. 2007). To this end, we devise a taxon sampling
for which the chromalveolate hypothesis predicts the same

tree for the three genomic compartments and we use the
well-accepted plastid history for signal calibration. Further,
we develop a protocol ensuring that neither heterogene-
ities of the evolutionary process nor limitations of inference
methods nor endosymbiotic gene transfer (EGT) can
impede deciding between the two competing scenarios.

Protocol
Although the chromalveolate hypothesis states that CASH
plastid, mitochondrion, and nucleus all share the same evo-
lutionary history after the red algal endosymbiosis event,
the overall history is not shared by the three genomes, with
CASH plastids emerging from within red algae (fig. 1A, or-
ange lines). To allow direct comparison of the plastid tree
with mitochondrial and nuclear trees, red algae have to be
removed. Hence, when using an ingroup composed of
CASH lineages, green plants, and glaucophytes, all three ge-
nomes should yield a single tree featuring a long branch at
the base of CASH lineages (fig. 1C), which corresponds to
a strong phylogenetic signal for their monophyly. In con-
trast, serial hypotheses entail that mitochondrial and nu-
clear trees should be identical and both differ from the
plastid tree, with CASH lineages diverging deeply, either
barely supported by a short basal branch or displaying para-
or polyphyletic relationships (blue and black lines in fig. 1B
and D). Consequently, the phylogenetic signal for the
monophyly of CASH lineages should be weak (or nonexis-
tent) with mitochondrial and nuclear genes, whereas with
plastid genes, it should be as strong as in the chromalveo-
late hypothesis (fig. 1C and D, orange lines; see also supple-
mentary fig. S1, Supplementary Material online, for
a stepwise illustration of this argument and supplementary
figs. S2 and S3, Supplementary Material online, for the rel-
ative dating of plastid genomes that provides branch
lengths for fig. 1A–D).

In the absence of red algae and assuming equal evolu-
tionary rates and perfect phylogenetic methods, the chro-
malveolate hypothesis is the only one to predict that the
monophyly of CASH lineages should be recovered with an
equally small number of positions from plastid, mitochon-
drial, and nuclear genomes. To compare signal strength
across these genomes, we use n70, defined as the number
of positions needed to reach a statistical support greater
than 70% using a variable length bootstrap (VLB) strategy.
Considering that genes evolve differently in each of the
three genomes (owing to, e.g., specific modes of mutation
and selection or unequal effective population sizes) and
that substitution rates are uneven across genes and over
time, along with the usual shortcomings of tree inference
methods (Sanderson and Shaffer 2002; Philippe et al. 2005),
uncertainties in measurements of signal strength are ex-
pected. To be able to decide between chromalveolate
and serial hypotheses, it is thus critical to ensure that
the range of n70 estimates is narrow in regard to the
amount of genomic sequences available for our falsifying
experiment (Popper 1959).

To explore the real width of this range, we developed
the protocol depicted in figure 1. First, we jointly use
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FIG. 1. Deciding between two competing hypotheses for the origin and diversification of chlorophyll c–containing algae. The evolutionary
history of each genomic compartment is shown in distinct colors: plastid (orange), mitochondrion (blue), and nucleus (black). (A)
Chromalveolate hypothesis. Except for intra-CASH relationships, branches were scaled by relative dating based on plastid genomes
(supplementary figs. S2 and S3, Supplementary Material online). (B) Example of a serial hypothesis scenario (numerous alternatives may be
considered). Both chromalveolate and serial hypotheses postulate an initial, single secondary endosymbiosis of a red alga within a eukaryotic
host (indicated by dotted arrows), leading to the emergence of the chlorophyll c–containing founder. The chromalveolate hypothesis then
assumes that this founder alga gives rise to the diverse CASH lineages by vertical descent. In contrast, serial hypotheses invoke multiple
subsequent EEEs (indicated by plain arrows), which horizontally spread chlorophyll c plastids among otherwise unrelated eukaryotes (C and D).
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mitochondrial and nuclear genomes, which share a unique
history irrespective of which hypothesis is true (fig. 1A and
B), but evolve under specific mutational and selective con-
straints. Second, to account for the full breadth of evolu-
tionary variation across genes, we split both plastid and
nuclear genomes into three functional classes, each display-
ing distinct evolutionary rates and properties (Philippe
et al. 2004; Rodriguez-Ezpeleta, Philippe, et al. 2007). By an-
alyzing these gene partitions separately, we get an insight
into the extent of rate variation (fig. 1E; note that this pro-
cedure cannot be applied to the mitochondrial genome
because of its reduced gene set). Third, we compute n70

estimates (fig. 1F) from trees obtained with two different
methods—maximum parsimony (MP) and maximum like-
lihood (ML). The radically different way in which both ap-
proaches extract phylogenetic signal will help to reveal
potential tree building artifacts.

Our protocol can be validated using undisputed mono-
phyletic groups as controls. For example, the grouping of
chlorophytes and streptophytes into green plants should
display similar n70 estimates across all gene partitions
(fig. 1F, middle). Concerning the putative monophyly of
CASH lineages (here represented by cryptophytes, strame-
nopiles, and haptophytes), we expect markedly different
signal strengths for the two competing hypotheses. If the
chromalveolate hypothesis is correct, n70 estimates for mi-
tochondrial and nuclear genomes should be of the same
magnitude as those computed for the plastid genome
(fig. 1F, left). Alternatively, if n70 estimates are far greater
for mitochondrial and nuclear genomes than for the plastid
genome, serial hypotheses should be preferred (fig. 1F, right).

Materials and Methods

Sequencing
Plastid DNA from Pavlova lutheri was purified from
a whole-cell lysate (Lang and Burger 2007) and sequenced
using a random breakage procedure (Burger et al. 2007). For
the nucleus, a cDNA library containing 1.5 � 106 recombi-
nant clones was constructed from 5 lg polyadenylated
messenger RNA using the kZAPII synthesis kit (Stratagene)
(Petersen et al. 2006). The 5# portion of 1,000 randomly
excised cDNA clones was then sequenced.

Data Assembly
Three large taxon-rich data sets were assembled, each com-
bining protein sequences encoded in one of the three ge-
nomic compartments. For the falsifying experiment, plastid

and nuclear gene collections were both split into three
functional classes to yield six partitioned data sets (supple-
mentary tables S1–S3, Supplementary Material online).
Then, to meet the theoretical constraints depicted in
figure 1, the sampling of all data sets was reduced either
to 24 species (excluding red algae; table 1) or to 21 species
(excluding CASH lineages; table 2), while maximizing sim-
ilarity of taxon sampling across compartments (supple-
mentary tables S4–S6, Supplementary Material online).
A summary of the properties of the 24-species data sets
is available in supplementary table S7 (Supplementary Ma-
terial online). For relative dating and nucleomorph analy-
ses, the taxon-rich plastid and nuclear data sets were used,
respectively.

Mitochondrial sequences were retrieved from GOBASE
(http://gobase.bcm.umontreal.ca/), while plastid and nu-
clear alignments from Rodriguez-Ezpeleta et al. (2005) were
updated with new sequences from GenBank (http://
www.ncbi.nlm.nih.gov/sites/entrez?db5protein), dbEST
(http://www.ncbi.nlm.nih.gov/dbEST/), and the Trace
Archive (http://www.ncbi.nlm.nih.gov/Traces/) at the
National Center for Biotechnology Information.

Single-gene alignments were assembled using new fea-
tures of the program ED from the MUST software package
(Philippe 1993). Ambiguously aligned regions were de-
tected and removed with GBLOCKS (Castresana 2000); this
automated selection was slightly refined by hand using
NET (also from MUST).

Concatenations of single-gene alignments into superma-
trices were carried out with SCAFOS (Roure et al. 2007). When
multiple orthologous sequences were available for a partic-
ular operational taxonomic unit (OTU), SCAFOS helped to
select the slowest evolving sequence as determined from
ML distances computed under a WAG þ F model with
TREE-PUZZLE (Schmidt et al. 2002). To minimize the amount
of missing data, SCAFOS was allowed to create chimerical
OTUs by merging partial sequences from closely related
species (supplementary table S8, Supplementary Material
online) when full-length sequences were not available.

To reduce the computational burden associated with
bootstrap analyses of the large nuclear data set, amino acid
positions missing in �30% OTUs were discarded prior to
phylogenetic inference, thus resulting in a final supermatrix
of 15,392 positions (instead of 19,933 positions for the raw
108-gene concatenation). For single-gene analyses, aimed
at uncovering EGT, protein alignments were first cleared
of sequences with more than 50% missing positions, to
minimize stochastic error due to partial sequences.

Phylogenetic predictions of these two hypotheses when red algae, which constitute a special case as the plastid donor to CASH lineages, are not
included (glaucophytes and the outgroup are omitted from the drawing for simplicity; alveolates are not considered owing to their highly
reduced plastid genomes). The control clade (green plants) is shaded in green, whereas the test clade (CASH lineages) is shaded in yellow or
pink for chromalveolate (C) and serial hypotheses (D), respectively. (E) Plastid (cp1–3), mitochondrial (mt), and nuclear (nu1–3) trees expected
from different data sets extracted from the three genomic compartments under chromalveolate (left, middle) or serial hypotheses (middle,
right). (F) Plots of VLBs and computation of n70 values to test the monophyly of green plants (middle) or of CASH lineages (left, chromalveolate
hypothesis; right, serial hypothesis). Plot backgrounds match shadings in (C and D). See text and supplementary figure S1 (Supplementary
Material online) for details.
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Relative Dating
The relative dating was performed on the taxon-rich plastid
data set (44 OTUs � 55 genes) with PHYLOBAYES (http://
www.phylobayes.org/), which was also used for phyloge-
netic inference. This is important as the CAT model (Lartillot
and Philippe 2004) is known to be less sensitive to long-
branch attraction artifacts (LBA) (Baurain et al. 2007;
Lartillot et al. 2007; Philippe et al. 2007; Rodriguez-Ezpeleta,
Brinkmann, et al. 2007). First, two independent chains were
run on the original data set under the CAT þ C4 model to
check for the convergence of the Markov chain Monte Car-
lo chain and to infer the topology and the branch lengths.
Then, 100 pseudoreplicates were generated using SEQBOOT

(Felsenstein 2005) and run for a total number of cycles at
least equal to three times the number of cycles required for

the convergence of likelihood values and all other param-
eters. Trees were collected after the initial burn-in period
(400 cycles), and CONSENSE (Felsenstein 2005) was used to
compute bootstrap support (BS) values for each branch. To
avoid a problem of identifiability in the CAT model (i.e.,
a constant site can be described either by a rate of 0 or
by a profile with a single amino acid), all analyses were per-
formed after removal of constant sites. For the dating step,
the clockwise assumption was relaxed using a log-normal
autocorrelated model (Kishino et al. 2001). Two indepen-
dent chains were run in parallel using default priors of
PHYLOBAYES. After a burn-in of 500 cycles, relative time es-
timates were collected from both chains and averaged to
provide scaling to figure 1A. For the branch at the base of
CASH clade, the two time estimates relative to the last

Table 1. Signal for the Monophyly of Green Plants and CASH Lineages. ML Trees and VLB Plots Using the WAG þ C4 Model are Shown at
the Same Scale, with Glaucophytes as Thin Lines, Green Plants (Ch þ St) Dashed Lines, and CASH Lineages (C þ S þ H) Thick Lines. The
Same 24 Species (or close relatives) were Included in All Data Sets, Except for Outgroups (supplementary tables S4–S6, Supplementary
Material online).

# Positions # Subs/Site ML Trees

ML VLBs n70 Values

Ch 1 St C 1 S 1 H Ch 1 St C 1 S 1 H

Plastid

Polymerase 1,911 4.79 365 1,802 ML
531 3,695 MP

Photosynthesis 5,717 1.63 101 95 ML
159 130 MP

Ribosome 2,074 3.56 208 172 ML
345 246 MP

Polymerase
1 Pohotosynthesis
1 Ribosome
1 Others

10,805 2.62 106 134 ML
184 212 MP

Mitochondrion 3,106 3.51 176 n.c. ML
300 n.c. MP

Nucleus

Proteasome 3,102 2.34 501 n.c. ML
972 n.c. MP

Ribosome 8,697 2.72 130 n.c. ML
193 n.c. MP

Varia 3,980 1.99 305 n.c. ML
358 n.c. MP

Proteasome
1 Ribosome
1 Varia

15,392 2.46 184 n.c. ML
287 n.c. MP

n.c.: not computable.
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common ancestor of Plantae and CASH lineages were
equal to 38.8% and 38.4% (mean 5 38.6%), respectively.

Falsifying Experiment
To estimate the signal across plastid, mitochondrial, and
nuclear genomes, we computed trees from pseudorepli-
cates of variable size (VLBs) (Springer et al. 2001) and col-
lected BS values corresponding to the branches leading to
various groups of interest. The n70 value—the number of
positions needed to reach a BS � 70% for a given group—
were computed after fitting a simplified monomolecular
model to the data, according to a procedure inspired by
Lecointre et al. (1994).

For each VLB data set, in-house software was used to gen-
erate 1,000 pseudoreplicates of each sample size (n1, n2, . . .
nx , N) that were analyzed by MP with PAUP* (Swofford
2002) or by ML under a WAG þ C4 model (Yang 1993;
Whelan and Goldman 2001) with TREEFINDER (Jobb et al.
2004). CONSENSE (Felsenstein 2005) was used to compute

the consensus of the 1,000 trees obtained for each sample
size. Output files were automatically parsed for BS values.

For each group in each data set, the nonlinear regression
capabilities of the R package (R-Development-Core-Team
2008) were used to fit a simplified monomolecular model
to the empirical data using the formula: y5100ð1� ebxÞ,
where x corresponds to sample size and y to BS. Once
the b parameter is estimated, n70 can be computed as:

n70 5
1

b
lnð1 � 70

100
Þ:

Mean numbers of substitutions per position (tables 1 and
2) were computed as the tree length inferred by ML under
a WAG þ C4 model with TREEFINDER (Jobb et al. 2004).

Nucleomorph Analyses
Bayesian inference with the CAT model (Lartillot and
Philippe 2004) on the taxon-rich nuclear data set

Table 2. Signal for the Monophyly of Green Plants and Red Algae. Red Algae (reds) are Shown as Thick Lines. As for table 1, the Same 21
Species were Included in All Data Sets.

ML VLBs n70 Values

# Positions # Subs/Site ML Trees Ch 1 St Reds Ch 1 St Reds

Plastid

Polymerase 1,911 3.55 137 1,226 ML
235 4,363 MP

Photosynthesis 5,717 1.17 102 120 ML
164 165 MP

Ribosome 2,074 2.92 577 853 ML
1,857 2,202 MP

Polymerase
1 Photosynthesis
1Ribosome
1 Others

10,805 1.98 107 190 ML
184 323 MP

Mitochondrion 3,106 2.29 174 109 ML
311 182 MP

Nucleus

Proteasome 3,102 1.77 371 237 ML
703 337 MP

Ribosome 8,697 2.05 91 130 ML
125 187 MP

Varia 3,980 1.46 221 128 ML
325 203 MP

Proteasome
1 Ribosome
1 Varia

15,392 1.87 110 136 ML
164 238 MP

Separate Acquisition of Chlorophyll c–Containing Plastids · doi:10.1093/molbev/msq059 MBE

1703



including the nucleomorph was carried out exactly as on
the taxon-rich plastid data set (see Relative Dating), except
that we used a burn-in of 500 cycles. ML analyses under the
WAG þ C4 were performed with both TREEFINDER (Jobb
et al. 2004) and PHYML (Hordijk and Gascuel 2005), the lat-
ter with SPR moves (subtree pruning and regrafting) to
minimize the possibility of getting trapped in local optima.
Bayesian inferences aimed at handling heterotachy with
a covarion model made use of the parallel version of
MrBayes (Ronquist and Huelsenbeck 2003). Each analysis
used four metropolis-coupled Markov chain Monte Carlo
(MCMCMC) chains starting from a random tree and the pro-
gram default prior probabilities on model parameters. Bayes-
ian posterior probabilities (PPs) were obtained from the
majority rule consensus of the trees sampled after the initial
burn-in period determined by the convergence of likelihood
values and other relevant parameters across MCMCMC gen-
erations. A total of 155,000 MCMCMC generations with sam-
pling every tenth generation were run under the WAGþ Fþ
C4 (control) model, whereas 200,000 generations were run
under the WAG þ F þ C4 þ covarion model (Huelsenbeck
2002).

Estimation of Compositional Heterogeneity
The amino acid composition of the 57 OTUs of the taxon-
rich nuclear data set was visualized by assembling a 20 � 57
matrix containing the frequency of each amino acid per
OTU using the program NET from the MUST package
(Philippe 1993). This matrix was then displayed as a 2D plot
in a principal component analysis, as implemented in the
SAS package (SAS 1999). Compositional properties of the
24-species VLB data sets (supplementary table S7, Supple-
mentary Material online) were also computed with NET.

EGT Analyses
SEQBOOT (Felsenstein 2005) was used to generate 100 pseu-
doreplicates of each taxon-rich nuclear alignment that
were analyzed with TREEFINDER (Jobb et al. 2004) under
a WAG þ C4 model. Bipartitions (i.e., branches) from sin-
gle-gene trees were filtered according to three different
support thresholds (BS � 50%, 70%, or 90%) to generate
a list of weakly, moderately, or strongly supported (i.e., test-
able) bipartitions, respectively. Testable bipartitions from
each gene were compared with those actually present in
the concatenated ML reference tree (supplementary fig.
S6, Supplementary Material online), and genes that had
at least one bipartition supported by a BS � 70% conflict-
ing with the reference tree were manually inspected (sup-
plementary table S9, Supplementary Material online).

To select the subset of clearly nontransferred genes, 100
pseudoreplicates of each taxon-rich nuclear alignment
were generated and analyzed. Single alignments had been
previously cleared of seven fast-evolving OTUs (Micromo-
nas, Ostreococcus, Cyanidioschyzon, the nucleomorph of
Guillardia, Blastocystis, Paramecium, and Tetrahymena)
to avoid LBA artifacts and enhance BS. Support for the
monophyly of red algae was determined for each gene
by parsing CONSENSE (Felsenstein 2005) output files as in

VLB analyses. Finally, the concatenation of the 21 retained
genes (including all OTUs) was analyzed under both CATþ
C4 and WAG þ C4 models (supplementary fig. S11, Sup-
plementary Material online), as described for the complete
data set (see Nucleomorph Analyses).

Results and Discussion
To apply our protocol to the comparison of chromalveo-
late and serial hypotheses, we assembled phylogenomic
data sets of gene orthologs from each of the three genomic
compartments, with a focus on photosynthetic species.
As the strength of the phylogenetic signal is expected to
vary with species sampling, we selected virtually iden-
tical ingroups for phylogenies to be compared, while
Cyanobacteria (for plastid trees) and Opisthokonts (for mi-
tochondrial and nuclear trees) were chosen as close out-
groups (supplementary tables S4–S6, Supplementary
Material online) to minimize phylogenetic artifacts (Delsuc
et al. 2005). The resulting alignments from plastid (55
genes, 10,805 aa positions) and nuclear coding genes
(108 genes, 15,392 aa positions) were split into functional
classes (supplementary tables S1 and S3, Supplementary
Material online). For instance, the plastid data set contains
three partitions of genes with distinct evolutionary rates
and properties (Rodriguez-Ezpeleta, Philippe, et al. 2007),
coding for RNA polymerase subunits (1,911 aa positions),
for proteins involved in the photosynthetic apparatus
(5,717 aa positions), or for ribosomal proteins (2,074 aa po-
sitions). Due to its already small size (13 protein-coding
genes, 3,106 aa positions), the mitochondrial data set
was left undivided (supplementary table S2, Supplementary
Material online).

In a first step, we measured the strength of the
phylogenetic signal in our data sets by applying the n70 ex-
periment to a noncontroversial control case, the mono-
phyly of green plants (Viridiplantae 5 Streptophyta þ
Chlorophyta). This internal control provides a valuable ref-
erence point because this group diverged roughly at the
same time as secondary red plastids spread (Yoon et al.
2004). As summarized in table 1, evolutionary properties
differ across data sets: The mean number of substitutions
per position varies from 1.63 to 4.79, while evolutionary
rates are heterogeneous among species (compare, e.g.,
branch lengths for green plants with RNA polymerase sub-
units vs. other subsets). Despite these heterogeneities, a few
hundred positions are enough to reach 70% BS for the
monophyly of green plants (average of n70 values is 332,
with individual values varying by functional gene class
and phylogenetic methodology from 101 to 972). ML is less
demanding than MP (average values of 255 vs. 408), which
is not surprising given that ML deals more efficiently with
multiple substitutions (Jeffroy et al. 2006). With ML (the
method used for all following comparisons), the range
of n70 values (from 101 to 501) is small relative to the total
number of available positions (3,106 to 15,392). This shows
1) that the monophyly of green plants is easily resolved, 2)
that estimation of n70 values is robust, and 3) that inherent
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difficulties of phylogenetic inference (e.g., rate variability
and other model violations) appear to be negligible here.
The results obtained with this control case thus suggest
that, applied to CASH lineages, our protocol should allow
us to decide between chromalveolate (similar phylogenetic
resolution across the three genomic compartments) and
serial hypotheses (significant differences between plastid
and mitochondrial/nuclear data sets).

Contrary to the green plant control case, the monophyly
of CASH lineages is only recovered by the plastid genome,
with a n70 value of 134 (ranging from 95 to 1,802 depending
on the functional class; table 1). Using mitochondrial and
nuclear data sets, BS for this group never reaches 20%, even
with 15,000 positions—two orders of magnitude higher than
required with the plastid data set (supplementary fig. S4A,
Supplementary Material online). Such a lack of statistical
support for CASH monophyly with mitochondrial and nu-
clear genomes cannot be explained by rate variation artifacts
since branch lengths in mitochondrial and nuclear trees are
less heterogeneous than in plastid trees (table 1). In contrast,
the monophyly of CASH lineages is easily recovered with all
three plastid partitions, in spite of marked rate differences
leading to a 20-fold range of n70 values—though small in
regard to the total number of available positions. This in-
cludes the extreme case of plastid RNA polymerase subunits
(n70 value of 1,802), which evolve at about twice the rate of
nuclear genes and which differ by a rate factor of about three
between stramenopile and cryptophyte plastids.

Although in figure 1 we do not make assumptions about
the relative position of the three Plantae lineages nor about
the monophyly of Plantae themselves, the length of the
branch leading to CASH lineages, on which our falsification
of the chromalveolate hypothesis is conditional, is affected
by these relationships. This length depends mainly on the
length of the branch at the base of red algae (supplemen-
tary fig. S1C, branch 1, Supplementary Material online) and
to a lesser extent on the depth (within red algae) of the
secondary endosymbiosis event (branch 2) and of the last
ancestor of extant CASH plastids (branch 3). In contrast,
the contribution of the short internal branches connecting
the major eukaryotic lineages is likely to be minor. Yet, the
uncertain position of glaucophytes (Deschamps and
Moreira 2009) and/or the hypothetical inclusion of some
(or all) CASH lineages within paraphyletic Plantae (Nozaki
et al. 2007; Stiller 2007) might differentially influence the
relative length of the branch at the base of CASH lineages
across the three genomic compartments. To account for
this, VLB analyses were also performed after further
removal of either glaucophytes (supplementary fig. S4B,
Supplementary Material online) or green plants (supple-
mentary fig. S4C, Supplementary Material online), thus
leaving only one Plantae lineage in addition to CASH lin-
eages and outgroups. With these two alternative samplings,
results were highly similar to those of the original experi-
ment, which confirms that the short internal branches con-
necting the major eukaryotic lineages are negligible with
respect to the long branches at the base or within red algae
(supplementary fig. S1, Supplementary Material online). In

summary, the easy recovery of CASH monophyly with the
plastid genome compared with its complete lack of support
with mitochondrial and nuclear genomes (table 1 and sup-
plementary fig. S4, Supplementary Material online) is incom-
patible with the chromalveolate hypothesis that predicts that
the monophyly of CASH lineages should be recovered with
a similar number of positions, whether sampled from plastid,
mitochondrial, or nuclear genes (just as in the green plant
control).

To ensure that the easy recovery of green plant mono-
phyly is not a special case, we applied the same protocol to
a second noncontroversial group of organisms: the red al-
gae. As for green plants, red algal monophyly should be re-
solved with a similar amount of positions from all three
genomes (fig. 1A). To do so, CASH species were replaced
in the previously used data sets by red algae (Cyanidioschy-
zon plus two non-Cyanidiales species; supplementary tables
S4–S6, Supplementary Material online). Since CASH plas-
tids emerge deeply from within red algae (Yoon et al.
2002), the basal branch of red algae is expected to be
slightly shorter than the branch at the base of CASH lin-
eages. Thus, the phylogenetic signal for the monophyly
of red algae should be somewhat weaker than the signal
for CASH lineages (as measured above; table 1). With
n70 values varying from 120 to 1,226 in plastid data sets
and merely from 109 to 237 in mitochondrial and nuclear
data sets, table 2 shows that our predictions are perfectly
fulfilled. These results demonstrate that our mitochondrial
and nuclear data sets have ample power to resolve relation-
ships as ancient as the monophyly of red algae, which lies
slightly deeper in the eukaryotic tree than the monophyly
postulated by the chromalveolate hypothesis. Such an easy
recovery of the monophyly of red algae with mitochondrial
and nuclear data in regard to the complete failure to
achieve the same goal for CASH lineages (tables 1 and
2) is the most compelling argument against the chromal-
veolate hypothesis and a strong call for serial hypotheses.

To exclude the possibility that the lack of support for
CASH monophyly would be due to a combination of phy-
logenetic artifacts (e.g., compositional bias coupled to un-
equal evolutionary rates) (Rodriguez-Ezpeleta, Brinkmann,
et al. 2007), we tested the phylogenetic affinity of a fast-
evolving genome: the red alga–derived nucleomorph of
the cryptophyte Guillardia theta (Douglas et al. 2001). Nu-
cleomorph genes are characterized not only by evolution-
ary rates approximately three to eight times higher than
nuclear genes of regular red algae and of CASH lineages
but also by a strongly biased amino acid composition
due to high A þ T content (supplementary fig. S5, Supple-
mentary Material online). We assembled an extended nu-
clear data set including red algae, the cryptophyte
nucleomorph, as well as various nonphotosynthetic line-
ages and species (supplementary table S6, Supplementary
Material online). Note that the nucleomorph and the plas-
tid of Guillardia were acquired in the same endosymbiotic
event, thus implying equal phylogenetic depth. We reason
that a successful clustering of the very fast-evolving nucle-
omorph with red algae would rule out artifacts in resolving
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the slowly evolving and compositionally less-biased CASH
lineages. As shown in figure 2, a Bayesian analysis of this
extended nuclear data set with the CAT model yields
100% BS for the grouping of the cryptophyte nucleomorph
with red algae, while providing no support for CASH mono-
phyly. With the standard WAG model (supplementary fig.
S6, Supplementary Material online) or a covarion model
handling heterotachy (supplementary fig. S7, Supplemen-
tary Material online), similar results are obtained, though
with unsupported topological differences. Therefore, ex-
cept for unknown phylogenetic artifacts and rate variations
(supplementary fig. S8, Supplementary Material online),

the divergence of CASH lineages must be considerably
deeper than the diversification of red algae, a conclusion
incompatible with the chromalveolate hypothesis.

Conflicting signals due to paralogous or horizontally
transferred genes are known to cause phylogenetic resolu-
tion to decrease, or even to alter tree topologies (Doolittle
1999). In organelles, gene transfer and duplication has been
documented in only few instances (Bergthorsson et al.
2003; Rice and Palmer 2006) and to an extent that is in-
sufficient to account for discrepancies between plastid ver-
sus mitochondrial phylogenies. In contrast, paralogs
frequently occur in nuclear genomes but have been
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unresolved (except Opisthokonts), including the monophyly of CASH lineages (BS 5 6%). Yet, the extremely fast-evolving nucleomorph of the
cryptophyte Guillardia theta (G.t. nm) clusters with red algae with 100% BS (at 1,000 aa positions, BS 5 ;60%; data not shown). A square
symbolizes 100% BS; lower values are given. The scale bar indicates the number of substitutions per site.

Baurain et al. · doi:10.1093/molbev/msq059 MBE

1706

supplementary fig. S10.2
supplementary fig. S10.2
supplementary fig. S10.2
supplementary fig. S10.2


avoided here by applying stringent phylogenetic selection
procedures (Delsuc et al. 2005). This leaves us with detect-
ing artifacts caused by potential EGT (the transfer of genes
from an endosymbiont to its host), following EEE events
(Stiller 2007; Lane and Archibald 2008). To recognize
EGT in the nuclear data set, we applied two protocols. First,
we directly analyzed how many single-gene phylogenies di-
verge from the concatenated phylogeny (BS � 70%; using
supplementary fig. S6, Supplementary Material online, as
the reference tree) and whether these can be explained
by EGT. We identified a number of instances in which
single-gene phylogenies differ indeed from the concate-
nated phylogeny (supplementary fig. S9, Supplementary
Material online). In most cases (52 events), however, the
observed topological rearrangements concern neighboring
groups and are best explained by a weak phylogenetic sig-
nal; another nine are likely due to LBA artifacts. The four
remaining instances have different types of inconsistency
that are difficult to interpret but none is consistent with
EGT from a red algal nucleomorph to a CASH host cell
(supplementary table S9 and supplementary fig. S10.1–
S10.47, Supplementary Material online). A second yet indi-
rect check for EGT in our nuclear gene collection is based
on the following reasoning. Support for CASH monophyly
might be hidden by a conflicting signal caused by EGT from
the red algal endosymbiont. To identify genes that could
not represent red algal–derived transfers, we searched
our collection for those recovering the monophyly of
red algae (without including any CASH species; BS �
70%). In principle, their phylogenetic analysis should
provide strong evidence for CASH monophyly. Still,
a concatenation of a subset of 21 clearly non-EGT genes
yielded unambiguous support for the clustering of the
fast-evolving Guillardia nucleomorph within red algae
but no support at all for the monophyly of CASH lineages
(supplementary fig. S11, Supplementary Material online).

Recently, the nuclear genomes of two diatoms (strame-
nopiles) have been reported to contain more genes of
green than of red algal origin (Moustafa et al. 2009). How-
ever, none of our genes (except maybe rps26; see supple-
mentary fig. S10.2, Supplementary Material online) appear
to contain CASH sequences of green algal origin. Moreover,
gene transfer from green algae to CASH species would be
expected to equally reduce the support for the monophyly
of green plants and CASH lineages; yet table 1 shows that
green plants are recovered with a few hundred positions,
whereas CASH monophyly is not recovered with 15,000
positions, which further excludes contamination of our
collection by EGT.

Conclusion
In phylogenetics, the lack of resolution is usually dismissed as
a nonsignificant result. This reasoning cannot be applied
here because easy recovery of the monophyly of green plants
and red algae (with a few hundred amino acid positions) is at
odds with the complete lack of support for the monophyly
of CASH lineages, thus refuting the predictions of the chro-
malveolate hypothesis. We provide detailed evidence that

this failure cannot be explained by rate heterogeneity and
other model violations nor by EGT. Albeit our protocol is
fine-tuned for the chromalveolate hypothesis, one might ap-
ply this approach to other open phylogenetic questions. In
theory, it could help deciding between any pair of evolution-
ary hypotheses with different phylogenetic structures, pro-
vided that at least one hypothesis predicts highly supported
relationships. However, as our current approach neither
constitutes a statistical test nor yields a P value, unambig-
uously different supports between competing hypotheses
are required. Such questions include fusion scenarios pro-
posed for the origin of the eukaryotic cell (see also Embley
and Martin 2006), for which a strict phylogenetic evaluation
has still to be presented (Poole and Penny 2006).

While our protocol was designed to falsify (Popper 1959)
the chromalveolate hypothesis, it cannot assess the mono-
phyly of CASH lineages per se. Actually, much larger phy-
logenomic data sets might eventually demonstrate that
CASH host cells are indeed related, though much more dis-
tantly than implied by the chromalveolate hypothesis, as
some recent studies tend to suggest (e.g., Burki et al.
2009). However, since such a ‘‘monophyly’’ will likely be
achieved at the expense of intermixing CASH lineages with
ever more nonphotosynthetic organisms (telonemids and
centrohelids, in addition to the aforementioned Rhizaria),
it rather constitutes counterevidence for the chromalveo-
late hypothesis. As a result, this putative assemblage of
eukaryotic supergroups, in which photosynthetic organ-
isms represent only a minority, should not be named
chromalveolates.

In contradiction to the chromalveolate hypothesis, our
results imply that plastid genomes of CASH lineages di-
verged much more recently than their mitochondrial
and nuclear counterparts, which supports serial or multiple
EEE hypotheses. There is continuing agreement on an initial
secondary endosymbiosis of a red alga within a nonphoto-
synthetic eukaryotic host, the founder alga eventually
evolving chlorophyll c plastids. Yet, we posit that this
founder alga then engaged in several subsequent higher or-
der EEEs with phylogenetically diverse hosts (in an order
still to be resolved), hence giving rise to extant photosyn-
thetic CASH lineages with closely related plastid genomes
(Palmer 2003; Reyes-Prieto et al. 2007; Gould et al. 2008)
but distantly related mitochondrial and nuclear genomes.

A corollary of accepting serial hypotheses is that com-
plete plastid loss is no longer required to explain the exis-
tence of the numerous plastid-lacking CASH lineages, even
though recent identification of plastid vestiges convinc-
ingly shows the reality of multiple independent losses of
photosynthesis (Stelter et al. 2007; Teles-Grilo et al.
2007; Slamovits and Keeling 2008). Overall, these serial sce-
narios are more complex and more difficult to decipher.
Combination of genome sequencing and cell biology of
a multitude of diverse CASH species will be indispensable
for inferring more precisely when the original secondary
endosymbiosis occurred, which red algal lineage was in-
volved, and how many EEE events led in which order to
contemporary chlorophyll c–containing algae.
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Supplementary Material
Supplementary figures S1–S11 and tables S1–S9 are avail-
able at Molecular Biology and Evolution online (http://
www.mbe.oxfordjournals.org/).
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