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?Do ‘Chromalveolates’ 
really exist?



Outline of the Talk

Do ‘Chromalveolates’ really exist?
1. What are ‘Chromalveolates’?

2. How to test the Chromalveolate hypothesis?

3. How to check the assumptions of our test?

4. Can we specify an alternative hypothesis?



1What are 
‘Chromalveolates’?
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Protist: microbial
eukaryote not
including plants and
fungi

Algae:
photosynthetic
eukaryotes (protists)
not including plants

‘Chromalveolata’:
putative
monophyletic group
descended from a
protist common
ancestor that
captured a red alga
and maintained it as
a secondary
endosymbiont

INTRODUCTION

The Eukaryotic Tree of Life as
Backdrop for Plastid Origin

Multigene phylogenetics and genome data
from microbial eukaryote (protist) lineages
have provided a renewed impetus to resolv-
ing the eukaryotic tree of life (e.g., 11, 71,
90), culminating recently in a formal classi-
fication of eukaryotes into 6 “supergroups”
(3, 44). These supergroups (see Figure 1)
contain the protistan roots of all multi-
cellular eukaryotes and are currently de-
fined as ‘Opisthokonta’ (e.g., animals, fungi,
choanoflagellates), ‘Amoebozoa’ (e.g., lobose
amoebae, slime molds), ‘Archaeplastida’ or
‘Plantae’ [red, green (including land plants),
and glaucophyte algae], ‘Chromalveolata’
(e.g., diatoms, ciliates, giant kelps), ‘Rhizaria’

Excavata

Rhizaria

Chromalveolata
Plantae

Amoebozoa

Euglenids
Parabasalids
Diplomonads

Jakobids

Radiolaria
Cercozoa

Alveolates
Stramenopiles
Haptophytes
Cryptophytes

Red, Glaucophyte
Green algae

Entamoebae
Amoebae

Slime molds
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Animals
Choanozoa
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Microsporidia

Figure 1
Schematic view of
the eukaryotic tree
of life showing the
putative six
supergroups. The
broken lines
denote uncertainty
of branch positions
in the tree. For
example, the
‘Rhizaria’ are likely
monophyletic but
may branch within
chromalveolates
and the ‘Excavata’
may comprise at
least two distinct
lineages. The
presence of
plastid-containing
taxa in the
supergroups is
shown with the
cartoon of an alga.

(e.g., cercomonads, foraminifera), and ‘Ex-
cavata’ (e.g., diplomonads, parabasalids). Al-
though the supergroups broadly capture the
diversity of eukaryotes, there are in fact
only two that currently have robust sup-
port from molecular phylogenetic analyses,
the ‘Opisthokonta’ and the ‘Amoebozoa’ (71).
Therefore in this review all supergroups are
marked with ‘ ’ to denote their provisional na-
ture. Of the remaining lineages, the ‘Plantae’
is gaining the most support from multigene
trees (83) and features associated with the
photosynthetic organelle (plastid) in these
taxa (e.g., 63, 78, 99). This group is very
likely to be monophyletic, a key feature that
plays an important role in understanding plas-
tid evolution. The ‘Rhizaria’ includes pho-
tosynthetic amoebae (chlorarachniophytes
and Paulinella chromatophora) and receives
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‘Chromalveolates’ are one of the six
putative Eukaryotic supergroups.
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chlorarachniophyte plastids are the product of a
single secondary endosymbiosis [9,27], there is
currently no evidence supporting this. The host cells
lack significant structural similarity [16] and
phylogenies based on nuclear and plastid genes show
no support for a specific relationship between
euglenid and chlorarachniophyte hosts or plastids
[24,28–30], altogether suggesting that these lineages
represent two independent endosymbiotic events
involving different hosts and different green algae.

Red endosymbionts
In contrast to green endosymbionts, the situation 
with red endosymbionts remains quite complicated, 
in part because of the greater diversity they represent.
A range of data, especially molecular phylogenies
based on plastid and cryptomonad nucleomorph
genes, and conserved features of plastid genome
organization, have now conclusively shown that the
plastids of heterokonts, haptophytes, cryptomonads,
dinoflagellates and apicomplexan parasites are all
derived from red algae [3,21,31–37]. Apicomplexan
plastids are non-photosynthetic and accordingly have
no pigments, but all other red-algal secondary plastids
contain a unique combination of chlorophylls a and c,
whereas cryptomonads also contain phycobilins.
Among eukaryotes, chlorophyll c is unique to these
algae [although chlorophyll-c-like pigments have been
found in a few other isolated cases (e.g. Ref. [38])],
suggesting that all organisms with this chlorophyll
might be directly related. Indeed, several biochemical

and ultrastructural features suggest a relationship
between some or all chlorophyll a+c-containing
organisms (Fig. 2). Of the four lineages with
chlorophyll-a+c-pigmented plastids, heterokonts and
haptophytes are most similar from an ultrastructural
and biochemical perspective, sharing fucoxanthin and
fucoxanthin-like carotenoids, a single autofluorescent
flagellum, and chrysolaminaran stored in cytoplasmic
vacuoles, characteristics that once led to their
classification together [39].

Although these data are suggestive, this picture is
not without wrinkles. Most significantly, a common
origin of these plastids implies that both plastid and
host lineages should be demonstrably related, but
early molecular data appeared to contradict such a
relationship. The sequences of haptophyte, heterokont
and cryptomonad plastid SSU rRNA and Rubisco have
been examined extensively, and typically do not form a
single group in phylogenetic analyses [21,34,40]. From
the host lineage, phylogenies of nuclear SSU rRNA
have also failed to show such a relationship [41], 
and this has been interpreted as additional support 
for several independent endosymbioses involving 
red algae. Recently, however, an analysis of five
concatenated plastid genes showed strong support for
a monophyletic group consisting of haptophytes,
heterokonts and cryptomonads (D. Bhattacharya,
pers. commun.), tipping the scales decidedly in favor of
a single origin for the plastids of these organisms.

At the same time as the relationships among
cryptomonads, heterokonts and haptophytes were
being debated, another line of inquiry developed that
has altered our view of eukaryotic evolution
considerably. It has long been known that apicomplexa
and dinoflagellates are close relatives (together with
ciliates, making up the alveolates) [42]. Accordingly,
when a cryptic plastid was discovered in apicomplexa
[43,44], it immediately sparked a heated debate about
whether apicomplexan and dinoflagellate plastids
share a common origin, a debate heightened by
uncertainty about whether the apicomplexan plastid
was derived from a red or green alga [45–47]. Until
very recently, however, no dinoflagellate plastid
sequences were available to test this hypothesis.
Several dinoflagellate plastid genes have now been
characterized and, unexpectedly, found to reside on
small single-gene minicircles, unlike all other known
plastid DNAs [48]. Phylogenetic analyses of these
genes not only confirmed a red-algal origin for the
dinoflagellate plastid [48,49] but also suggested a
specific relationship between the plastids of
dinoflagellates and apicomplexa [36]. These data are,
however, plagued by the fact that both the
dinoflagellate and apicomplexan plastid genes are
extraordinarily divergent and AT rich. Such divergent,
biased sequences tend to cluster together in
phylogenetic trees regardless of their true
evolutionary history, making it impossible to rule out 
a methodological artifact [36]. Nevertheless, the
simplest interpretation is that apicomplexan and
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Fig. 2. Venn diagram of the pigment composition and significant biochemical and cell-biological
features of organisms that have secondary plastids of red-algal origin. Abbreviations:
Chl, chlorophyll; ER, endoplasmic reticulum; mito., mitochondrial; OM, outer membrane;
Tub., tubular. Note that (1) fucoxanthin carotenoids are quite diverse in haptophytes and heterokonts,
(2) starch is stored in the cytosol of dinoflagellates, but in the periplastid space of cryptomonads.adapted from Archibald and Keeling (2002) TiG 18:577-584

Chlorophyll c-containing algae share a number of 
biochemical and ultrastructural features.
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Figure 4
The origin(s) of plastids in photosynthetic eukaryotes. (a) Multiple lines of evidence (see text) support the
single origin of the primary plastid in the ‘Plantae’ common ancestor. The plastid in red and green algae
was then transferred to chromalveolates, euglenids, and chlorarachniophyte amoebae via independent
secondary endosymbioses. (b) Phylogenetic tree based on maximum likelihood analysis of a data set of 6
nuclear-encoded plastid-targeted proteins that shows the origin of the primary plastid in ‘Plantae’ from a
cyanobacterial source (blue circle), the secondary origin of the red algal plastid (red circle) in
chromalveolates, and the independent origins of the green algal plastid (green circles) in euglenids, and
chlorarachniophytes (see text for details). These latter two groups are not part of the phylogenetic
analysis and have been simply added to the tree.

analyses of nuclear-encoded plastid-targeted
proteins that supports the monophyly of chro-
malveolate plastids is shown in Figure 4b.
The separate origins of the chlorarachnio-
phyte and euglenid green plastids that was in-
ferred from analysis of plastid genomes from
these taxa (85) have been added to this tree.
The potential power offered by phylogenetics
is exemplified by Figure 4b in which we can
trace in one framework the origin of prokary-
otic genes in eukaryotic nuclear genomes via
primary endosymbiosis (filled blue circle) and
the subsequent transfer of these genes from
one or more red algae to the chromalveolates
via secondary endosymbiosis (filled red circle).
This type of analysis has also provided direct
evidence for tertiary endosymbiosis in which

an alga containing a secondary plastid was it-
self engulfed and retained by another protist
(13, 40, 69). Although not discussed in detail
here, this phenomenon is until now limited
to dinoflagellates that are the masters of serial
endosymbiosis (31).

Case Study: The Peculiar Path of
Dinoflagellate Peridinin Plastid
Evolution
The most common type of plastid in di-
noflagellates contains peridinin as the major
carotenoid. This pigment, although similar
in structure to fucoxanthin, is unique to
this group. Three membranes surround the
peridinin-containing plastid, which is not
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adapted from Reyes-Prieto et al. (2007) Annu Rev Genet 41:147-168

The Chromalveolate hypothesis posits
a single secondary endosymbiosis

with a red alga in the common ancestor 
of all chlorophyll c-containing algae.

ʻChromistsʼ
chl.c

Plantae



Plastid gain through endosymbiosis is considered very 
difficult and thus much rarer than plastid loss.

(Fig. 4A). Euglenids and dinoflagellates have secondary

plastids with three membranes, whereas four envelope

membranes occur in chlorarachniophytes, cryptophytes,

heterokonts, haptophytes, and apicomplexans. In all cases,

it is assumed that the two innermost membranes correspond

to the primary plastid envelope, while the outermost

membrane is derived from the host’s phagosomal mem-

brane(82–84) (Fig. 4B).

For plastids with four envelope membranes, the ‘‘periplas-

tid’’ membrane, localized between the primary plastid

envelope and the outermost membrane, is widely held to

be the modified plasmalemma of the engulfed eukaryotic

Sec Sec
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peptide

transit
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mature
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Figure 4. Evolution of secondary plastids and their import apparatus. Secondary plastids evolved from algae with primary plastids (e.g., red
algae) that were engulfed by phagocytosis, resulting in their four membrane envelopes.(4–6) Red algal-derived plastids with four envelope
membranes are found in three algal lineages: Cryptophyta, Heterokonta, and Haptophyta. Their two innermost membranes (or the plastid
envelope) are derived from the red algal primary plastid, whereas the next layer, known as the periplastid membrane, represents the red algal
plasmalemma.(82–84) The outermost plastid membrane is derived from the host’s phagosome, but now is covered with ribosomes, suggesting that
this membrane fused with a rough ER membrane, resulting in the plastid ER (PER) and placement of the entire complex plastid within the ER
lumen.(82–84) For this reason, nuclear-encoded plastid proteins in cryptophytes, heterokonts, and haptophytes carry bipartite pre-sequences
composed of a signal peptide followed by a transit peptide.(25) The first step in their import is co-translational translocation through the PER
membrane dependent on the Sec translocon.(84,91) In the ‘‘vesicular’’ model, transport through the periplastid membrane and the outer
membrane of the plastid envelope are mediated by transport vesicles derived from the pinocytotic pathway of the red algal endosymbiont.(91,96)

By contrast, the ‘‘channel’’ model postulates that two distinct pore proteins, Der and Toc75, are responsible for these targeting steps.(93,94) Toc75
pre-existed in the outer membrane of the red algal plastid, whereas Der was relocated from the red algal ER to its plasmalemma (! the periplastid
membrane). Both models assume that translocation across the inner membrane of the plastid envelope is dependent on the Tic translo-
con.(91,93,94) The signal peptide is cleaved off during or after translocation across the PER membrane, whereas the transit peptide is removed in
the stroma.(82–84) Available data favor the ‘‘channel’’ over the ‘‘vesicular’’ model.(84,93,94)

Problems and paradigms A. Body!, P. Mackiewicz and J. W. Stiller

1224 BioEssays 31:1219–1232, ! 2009 Wiley Periodicals, Inc.

adapted from Bodyl et al. (2009) BioEssays 31:1219-1232
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(Fig. 4A). Euglenids and dinoflagellates have secondary

plastids with three membranes, whereas four envelope

membranes occur in chlorarachniophytes, cryptophytes,

heterokonts, haptophytes, and apicomplexans. In all cases,

it is assumed that the two innermost membranes correspond

to the primary plastid envelope, while the outermost
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brane(82–84) (Fig. 4B).
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membranes are found in three algal lineages: Cryptophyta, Heterokonta, and Haptophyta. Their two innermost membranes (or the plastid
envelope) are derived from the red algal primary plastid, whereas the next layer, known as the periplastid membrane, represents the red algal
plasmalemma.(82–84) The outermost plastid membrane is derived from the host’s phagosome, but now is covered with ribosomes, suggesting that
this membrane fused with a rough ER membrane, resulting in the plastid ER (PER) and placement of the entire complex plastid within the ER
lumen.(82–84) For this reason, nuclear-encoded plastid proteins in cryptophytes, heterokonts, and haptophytes carry bipartite pre-sequences
composed of a signal peptide followed by a transit peptide.(25) The first step in their import is co-translational translocation through the PER
membrane dependent on the Sec translocon.(84,91) In the ‘‘vesicular’’ model, transport through the periplastid membrane and the outer
membrane of the plastid envelope are mediated by transport vesicles derived from the pinocytotic pathway of the red algal endosymbiont.(91,96)

By contrast, the ‘‘channel’’ model postulates that two distinct pore proteins, Der and Toc75, are responsible for these targeting steps.(93,94) Toc75
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con.(91,93,94) The signal peptide is cleaved off during or after translocation across the PER membrane, whereas the transit peptide is removed in
the stroma.(82–84) Available data favor the ‘‘channel’’ over the ‘‘vesicular’’ model.(84,93,94)

Problems and paradigms A. Body!, P. Mackiewicz and J. W. Stiller

1224 BioEssays 31:1219–1232, ! 2009 Wiley Periodicals, Inc.

Bodyl et al. (2009) BioEssays 31:1219-1232

The acquisition of a new targeting signal by hundreds of 
genes is the step generally seen as limiting.



a distantly related photosynthetic eukaryote whose plastid

evolved directly from the cyanobacterial plastid progenitor.

Inferring how many times the ‘primary’ plastids of red algae,

green algae (and plants) and glaucophyte algae evolved into

‘secondary’ plastids is an area of active investigation and

debate.(22–25) No secondary plastids derived from glauco-

phytes are known, but both green and red algae have, each at

the very least on one occasion, been captured and converted

into a secondary plastid (Fig. 2). This process involves a

second round of EGT, this time from the endosymbiont

nucleus to that of the secondary host (Fig. 1), as well as the

evolution of another protein import pathway built on top of that

used by primary plastids.(5,26) For these reasons, successful

integration of a secondary endosymbiont is thought by many

to be difficult to achieve, and secondary endosymbiosis is

thus usually invoked only sparingly.

Secondary plastids of green algal origin occur in

euglenophytes and chlorarachniophytes, whereas most

plastids in so-called ‘chromalveolates’ are derived from red

algae. Chromalveolates include cryptophytes, haptophytes,

dinoflagellates, apicomplexans, the newly discovered coral

alga Chromera velia and stramenopiles (or heterokonts), the

latter being the group to which diatoms belong (Fig. 2). The

chromalveolate hypothesis was put forth as an attempt to

N2

N1

HGT

M2

M1

CB

HGT HGT

Secondary host

  Plastid
progenitor

Primary host

EGT
EGT

Figure 1. Endosymbiosis and gene flow in photosynthetic eukar-
yotes. Diagram depicts movement of genes in the context of primary
and secondary endosymbiosis, beginning with the cyanobacterial
endosymbiont (CB) that gave rise to modern-day plastids. Acquisition
of genes by horizontal (or lateral) gene transfer is always a possibility,
and such genes can be difficult to distinguish from those acquired by
endosymbiotic gene transfer (EGT). CB, cyanobacterium; HGT, hor-
izontal gene transfer; MT, mitochondrion.
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Figure 2. Origin and spread of photosynthesis across the eukaryotic tree of life. Diagram shows hypothesised ‘supergroups’ with emphasis on
those containing photosynthetic lineages. Some (but not all) lineages within the different supergroups are provided for context. The tree
topology shown within the ‘chromalveolate’!SAR (Stramenopiles!Alveolates!Rhizaria) clade represents a synthesis of phylogenetic and
phylogenomic data published as of 31 August 2009. Branch lengths do not correspond to evolutionary distance. Dashed lines indicate
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What the papers say M. Elias and J. M. Archibald

1274 BioEssays 31:1273–1279, ! 2009 Wiley Periodicals, Inc.

Elias and Archibald (2009) BioEssays 31:1273-1279

Eukaryotic algae have chimeric genomes that are 
expected to show evidence of their history.



clearly derived from photosynthetic ancestors by a relatively re-
cent loss of photosynthesis, but some of the earliest-diverging
dinoflagellate lineages also lack plastids (Saldarriaga et al. 2001).
Dinoflagellates, together with the ciliates and apicomplexans, are
members of the alveolates.

Apicomplexa. Apicomplexans are all parasites, and nearly all
obligate intracellular parasites of animals (Perkins et al. 2000).
They are responsible for many significant diseases, in particular
malaria. They are distinguished by the apical complex, a suite of
structures used in the infection process. A non-photosynthetic
plastid bounded by four membranes, the outermost of which is
smooth and lacks any clear connection to the host ER, has now
been identified and well studied in many species (Ralph et al.
2004). However, the earliest-diverging lineages either seem to
lack a plastid (Cryptosporidium) or at least no evidence for one
has been found (gregarines). Apicomplexans, together with the
dinoflagellates and ciliates, are members of the alveolates.

Other lineages within the chromalveolates. There are a num-
ber of smaller lineages now known to be related to some subset of
the chromalveolates (Fig. 1). These include groups of predomi-
nantly heterotrophic predators such as katablepharids, Oxyrrhis,
Telonema, and colpodellids, parasites such as syndinians and
perkinsids (Kuvardina et al. 2002; Leander and Keeling 2003;
Okamoto and Inouye 2006; Saldarriaga et al. 2003; Shalchian-
Tabrizi et al. 2006), as well as photosynthetic algae such as
picobiliphytes (or biliphytes), and Chromera (Cuvelier et al.
2008; Moore et al. 2008; Not et al. 2007). Many of these will
be discussed below in the context of the distribution of plastids.

RELATIONSHIPS BETWEEN CHROMALVEOLATE

GROUPS

In addition to phylogenetic evidence for the chromalveolates as
a whole, it is essential to review the data-supporting relationships
between subgroups. The reason for this is that there is no single
data set that specifically unites all chromalveolates. Instead, the
view that they are related is based on assembling different kinds of
data that unite various subsets of the group. Sometimes these data
unite a couple of chromalveolate lineages, and sometimes there is
evidence for a relationship between most members of the group.
Examining this network of data as a whole, the support for various
subgroups overlaps in a way most consistent with the monophyly
of all chromalveolates (Fig. 2). In this section, the evidence
for two major subgroups is summarized, and in the next section,
evidence for the monophyly of chromalveolates as a whole is
summarized.

Alveolates and stramenopiles. The alveolates are one of the
best-supported major assemblages of protists, if not the best
supported. They are united by morphological characteristics, most
conspicuously the alveoli—membranous sacs below the plasma
membrane—for which they are named. They are also well
supported by a great number of molecular phylogenetic studies,
so that the monophyly of alveolates has not been seriously ques-
tioned in quite some time (Fig. 2). Within the group, there is also
strong support from molecular phylogenies of individual or con-
catenated genes for a sister relationship between dinoflagellates
and apicomplexa to the exclusion of ciliates (Burki et al. 2007;
Burki, Shalchian-Tabrizi, and Pawlowski 2008; Fast et al. 2001;
Hackett et al. 2007; Patron, Inagaki, and Keeling 2007; Van de
Peer, van der Auwera, and DeWacher 1996; Wolters 1991).

Within alveolates there is also now strong support from many
molecular analyses for the perkinsids being the deepest-branching
sisters to the dinoflagellate lineage (Leander and Keeling 2004;
Saldarriaga et al. 2003). Multi-gene phylogenies also support the
early divergence of Oxyrrhis, while protein insertion data place
this genus after Perkinsus (Leander and Keeling 2004), and small

subunit (SSU) rRNA phylogeny supports the early divergence of
syndinians, but the relative order of these is not known because
different genes have been used for each. In the apicomplexan lin-
eage, gregarines and Cryptosporidium have been demonstrated
repeatedly to have been early-diverging members of the group
(Leander 2008). Colpodellids and Chromera have also been
suggested to be early-diverging sisters to the apicomplexan lin-
eage: in the case of colpodellids this is based on SSU rRNA alone
and not yet well supported (Kuvardina et al. 2002), but in the case
of Chromera this position is better supported by independent
phylogenies based on several genes (Moore et al. 2008).

Alveolates as a whole have been consistently shown by many
molecular phylogenies to be the sister group to stramenopiles
(analyses that include rhizarians are discussed below), including
several large-scale analyses with many concatenated genes from
many taxa (Burki et al. 2007, 2008; Hackett et al. 2007; Patron,
Inagaki, and Keeling 2007; Rodriguez-Ezpeleta et al. 2005; Simp-
son, Inagaki, and Roger 2006). They also share an insertion in the
cytosolic homologue of glyceraldehyde-3-phosphate dehydrogen-
ase (GAPDH) (Fast et al. 2001) (Fig. 2).

Cryptomonads, haptophytes, and relatives. The phylogenet-
ic positions of cryptomonads and haptophytes have both been
highly contentious, but a very strong case can now be made that
they are closely related to one another (Fig. 2), and possibly part
of a very large and diverse lineage that also includes katablepha-
rids, picobiliphytes, and Telonema. A relationship between
cryptomonads and haptophytes is seen in a few single-gene phylo-
genies (Harper, Waanders, and Keeling 2005), but also in all mul-
tigene phylogenies where they are represented (Burki et al. 2007,
2008; Hackett et al. 2007; Patron et al. 2007). They also share a
unique horizontal gene transfer event to their plastids, where ribo-
somal protein 28 (rpl28) has been replaced by a paralogous bac-
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Fig. 2. Simplified tree of chromalveolates, summarizing how molec-
ular evidence for the hypothesis is distributed across the major subgroups
of chromalveolates. There is no one piece of evidence or analysis that un-
ambiguously unites the entire group, but if one considers all the evidence
uniting various subgroups of the plastid and cytosolic lineages to one an-
other, the entire group is supported by one or more kinds of data. Evidence
bars that are broken between groups means that the evidence does not
support the union of those groups (e.g. cytosolic phylogenies), whereas
lines that are broken around a group indicates that evidence is simply
missing from that group (e.g. plastid glyceraldehydes-3-phosphate dehy-
drogenase from ciliates). The morphological characteristics that unite
alveolates are also included because it is particularly strong and consis-
tent, and also completely consistent with molecular analyses.
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adapted from Keeling (2009) J Eukaryot Microbiol 56:1-8
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Phylogenomics has led to dramatically expanded 
‘Chromalveolates’ implying even more plastid losses.

would have to have been acquired before the split between
the haptophyte + cryptophyte clade from alveolates + -
stramenopiles + Rhizaria (Figure 3b). Plastids would then
presumably have been lost, independently, in Rhizaria,
some stramenopiles, ciliates, early diverging dinoflagel-
lates (e.g. Oxyrrhis) and many or most apicomplexans
[39]. Finally, the subsequent uptake of a green algal endo-
symbiont in the ancestor of chlorarachniophytes would
produce the distribution of plastids observed today
(Figure 3b). Like the original chromalveolate hypothesis
(Box 2), this scenario would require that plastid loss be far
more common than gain. Although the prevalence of plas-
tid loss (as opposed to loss of photosynthesis) among
eukaryotes is unknown, the nuclear genomes of two Phy-
tophthora species [29] (stramenopiles) and the apicom-
plexan Cryptosporidium [41] encode plastid-derived
genes, despite these organisms lacking plastids, an indica-
tion of at least two instances of plastid loss in the ancestors
of these different organisms. Additionally, the recently
discovered photosynthetic eukaryote Chomera velia [42],
which is closely related to apicomplexans, strongly
indicates a shared photosynthetic ancestor of both Apicom-
plexa and dinoflagellates and subsequent loss in the plas-
tid-lacking members of these groups.

If the new position of Rhizaria as a part of Chromalveo-
lata reflects the true evolutionary history of this lineage,
one would predict that genes of red algal ancestry might
persist in the nuclear genomes of this group as remnants of
the red algal genomes that were present in the rhizarian

common ancestor. Interestingly, red algal-derived plastid
genes were discovered in the nuclear genome of the green
algal plastid-containing rhizarian Bigelowiella natans
[43], and were interpreted as having been acquired by
lateral gene transfer rather than vertically inherited from
a red algal plastid-containing ancestor. A complete genome
sequence for B. natans will soon be available (http://
www.jgi.doe.gov) and will make it possible to test whether
or not this red algal ‘footprint’ is (at least in part) the result
of ancient endosymbiotic gene transfer. However, most
Rhizaria are recalcitrant to laboratory experimentation,
and significant amounts of sequence data from diverse
members of this lineage will be slow in coming. At any
rate, if analyses eventually show that two (ormore) distinct
plastids were harbored by the ancestors of extant organ-
isms, as has been previously shown in some dinoflagellates
(see Ref. [37]), then determining the organismal history of
such eukaryotes might be even more difficult than cur-
rently appreciated.

Phylogenetic hope in light of EGT?
Although we have focused on chromalveolates and ignored
the potentially significant role of lateral gene transfer in
eukaryotic evolution (e.g. Ref. [44]), the reality of EGT and
its phylogenetic implications can be extended to many of
the eukaryotic supergroups. The relationships within and
between chromalveolate and rhizarian taxa are not only
important for understanding amajor component of the tree
of life but also for understanding organelle evolution and

Figure 3. Two hypotheses to explain the distribution of secondary plastids, based on competing scenarios of eukaryotic evolution. A green algal-derived secondary plastid
has been acquired by two separate lineages, in independent endosymbiotic events (thin dashed lines). (a) A single red algal endosymbiosis occurred in the common
ancestor of Chromalveolata, necessitating multiple plastid losses at the base of the various nonphotosynthetic lineages. (b) If Rhizaria evolved fromwithin chromalveolates,
it is most parsimonious to assume that the red algal secondary plastid was lost before the diversification of this lineage. A green algal secondary plastid has been acquired
by chlorarachniophytes more recently.
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What are 
‘Chromalveolates’?

‘Chromalveolates’ are a putative, large and diverse 
supergroup of Eukaryotes considered to vertically 
descent from a single chlorophyll c-containing 
ancestor that acquired its plastid via a secondary 
ensymbiosis with a red alga.

The Chromalveolate hypothesis has always been 
parsimony-driven and regards plastid loss as much 
more common than plastid gain.
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How to test the 
Chromalveolate hypothesis?

1. How old are chl. c-containing plastids?

2. How to compare the plastid with 
mitochondrial and nuclear compartments?

3. How to estimate the strength of the 
phylogenetic signal? 

4. How to validate our approach?

5. Now do ‘Chromists’ pass our test?
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55 plastid-encoded proteins
44 species x 10,805 AA

CAT+Γ4 model
relaxed-clock relative dating

Baurain et al. (2010) Mol Biol Evol (in press)

Chlorophyll c-containing plastids postdate the 
diversification of both red algae and green plants.



How to test the 
Chromalveolate hypothesis?

1. How old are chl. c-containing plastids?

2. How to compare the plastid with 
mitochondrial and nuclear compartments?

3. How to estimate the strength of the 
phylogenetic signal? 

4. How to validate our approach?

5. Now do ‘Chromists’ pass our test?
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‘Chromalveolates’ are expected to be monophyletic 
whatever the genomic compartment considered.
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Removing red algae ‘standardizes’ the plastid history
by creating a single branch out of three smaller ones.
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Without red algae, the signal for ‘Chromalveolates’ 
should be similarly strong across all compartments.
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Alveolates (Dinoflagellates) have to be discarded
because of their fast-evolving plastid genomes.

We test ‘Chromists’ as a proxy for ‘Chromalveolates’.
Baurain et al. (2010) Mol Biol Evol (in press)
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How to test the 
Chromalveolate hypothesis?

1. How old are chl. c-containing plastids?

2. How to compare the plastid with 
mitochondrial and nuclear compartments?

3. How to estimate the strength of the 
phylogenetic signal? 

4. How to validate our approach?

5. Now do ‘Chromists’ pass our test?



Using the same species sampling, we assemble one 
concatenated protein data set per compartment.



We will analyze these three phylogenomic data sets
with a variable length bootstrap approach.

inspired from Springer et al. (2001) Mol Biol Evol 18:132-143

variable length bootstrap
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How to test the 
Chromalveolate hypothesis?

1. How old are chl. c-containing plastids?

2. How to compare the plastid with 
mitochondrial and nuclear compartments?

3. How to estimate the strength of the 
phylogenetic signal? 

4. How to validate our approach?

5. Now do ‘Chromists’ pass our test?
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We will use green plants as a test case.

Whatever the hypothesis or the compartment,
their monophyly is expected to be easy to recover.
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Whatever the genomic compartment considered,
the monophyly of green plants is easily recovered.

Baurain et al. (2010) Mol Biol Evol (in press)
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How to test the 
Chromalveolate hypothesis?

1. How old are chl. c-containing plastids?

2. How to compare the plastid with 
mitochondrial and nuclear compartments?

3. How to estimate the strength of the 
phylogenetic signal? 

4. How to validate our approach?

5. Now do ‘Chromists’ pass our test?



If ‘Chromists’ exist, their monophyly is expected
to be easy to recover whatever the compartment.

Alternatively, their monophyly is expected
to be easy to recover only with the plastid.

Baurain et al. (2010) Mol Biol Evol (in press)
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The monophyly of ‘Chromists’ is
only recovered with plastid genomes.

Baurain et al. (2010) Mol Biol Evol (in press)
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How to test the 
Chromalveolate hypothesis?

When not considering red algae, the phylogenetic 
signal for the monophyly of ‘Chromalveolates’ is 
expected to be similarly strong across plastid, 
mitochondrial and nuclear compartments.

Our variable length bootstrap analyses show that 
this prediction of the ‘Chromalveolate hypothesis’ 
is not fulfilled whereas it is for green plants.
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How to check the 
assumptions of our test?

1. What if Plantae are actually paraphyletic?

2. How to deal with heterogeneous rates?

3. Do we have enough phylogenetic power? 

4. Are we misled by phylogenetic artifacts?

5. Are we misled by undetected EGT?



Removing glaucophytes reduces Plantae to green plants.



Removing glaucophytes reduces Plantae to green plants.



Using only green plants as Plantae does not improve 
the recovery of the monophyly of ‘Chromists’.

Baurain et al. (2010) Mol Biol Evol (in press)
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Removing green plants reduces Plantae to glaucophytes.



Removing green plants reduces Plantae to glaucophytes.



Using only glaucophytes as Plantae does not improve 
the recovery of the monophyly of ‘Chromists’.

Baurain et al. (2010) Mol Biol Evol (in press)

 0

 20

 40

 60

 80

 100

0 2,000 4,000 6,000 8,000 10,000

B
o
o
ts

tr
a
p
 s

u
p
p
o
rt

 (
%

)

 

plastid

0 3,000

 # positions (AA)

mitochondrion

0 3,000 6,000 9,000 12,000 15,000

 

nucleus

TREEFINDER (WAG+Γ4 model)



How to check the 
assumptions of our test?

1. What if Plantae are actually paraphyletic?

2. How to deal with heterogeneous rates?

3. Do we have enough phylogenetic power? 

4. Are we misled by phylogenetic artifacts?

5. Are we misled by undetected EGT?



We split each of our plastid and nuclear data sets into 
smaller data sets according to functional class.

Plastid (10,805 AA)

Nucleus (15,392 AA)

Baurain et al. (2010) Mol Biol Evol (in press)
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inspired from Lecointre et al. (1994) Mol Phylo Evol 3:292-309
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To reduce the computational burden associated with bootstrap analyses of the large nuclear 

datasets, 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, gene 

alignments were first cleared of sequences having more than 50% missing positions to 

minimize stochastic errors due to partial sequences. 

Phylogenomic test. To estimate the signal across plastid, mitochondrial and nuclear 

genomes, we computed trees from pseudo-replicates of variable size (VLBs) [43] and 

collected BS values corresponding to the branches leading to various groups of interest. 

The n70 values — 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. [44]. 

For each VLB dataset, in-house software was used to generate 1,000 pseudo-replicates of 

each sample size (n1, n2,... nx < N) that were analyzed by maximum parsimony (MP) with 

PAUP* [45] or by ML under a WAG+"4 model [46, 47] with TREEFINDER [48]. CONSENSE 

[49] 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 dataset, the non-linear regression capabilities of the R package [50] 

were used to fit a simplified monomolecular model to the empirical data using the 

formula:
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VLBs n 70 Values
# Pos f(Sub) Trees

Greens ‘Chromists’ Gre ‘Chr’

Plastid
Polymerase 1,911 4.79

BS
 (%

)

365 1,802

Photosynthesis 5,717 1.63

BS
 (%

)

101 95

Ribosome 2,074 3.56

BS
 (%

)

208 172

Mitochondrion 3,106 3.51

BS
 (%

)

176 n.c.

Nucleus
Proteasome 3,102 2.34

BS
 (%

)

501 n.c.

Ribosome 8,697 2.72
BS

 (%
)

130 n.c.

Varia 3,980 1.99

BS
 (%

)

305 n.c.
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Data sets split into functional classes indicate that
rate heterogeneity does not impair our test.
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How to check the 
assumptions of our test?

1. What if Plantae are actually paraphyletic?

2. How to deal with heterogeneous rates?

3. Do we have enough phylogenetic power? 

4. Are we misled by phylogenetic artifacts?

5. Are we misled by undetected EGT?



We replace ‘Chromists’ by red algae.



We replace ‘Chromists’ by red algae.
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Easy recovery of the monophyly of red algae shows that 
our data sets have ample phylogenetic power.

Baurain et al. (2010) Mol Biol Evol (in press)
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How to check the 
assumptions of our test?

1. What if Plantae are actually paraphyletic?

2. How to deal with heterogeneous rates?

3. Do we have enough phylogenetic power? 

4. Are we misled by phylogenetic artifacts?

5. Are we misled by undetected EGT?



We extend our nuclear data set by 
notably including the cryptophyte 
nucleomorph, which is fast-evolving and 
shows a strongly biased composition.

Baurain et al. (2010) Mol Biol Evol (in press)
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Figure4
Theorigin(s)ofplastidsinphotosyntheticeukaryotes.(a)Multiplelinesofevidence(seetext)supportthe
singleoriginoftheprimaryplastidinthe‘Plantae’commonancestor.Theplastidinredandgreenalgae
wasthentransferredtochromalveolates,euglenids,andchlorarachniophyteamoebaeviaindependent
secondaryendosymbioses.(b)Phylogenetictreebasedonmaximumlikelihoodanalysisofadatasetof6
nuclear-encodedplastid-targetedproteinsthatshowstheoriginoftheprimaryplastidin‘Plantae’froma
cyanobacterialsource(bluecircle),thesecondaryoriginoftheredalgalplastid(redcircle)in
chromalveolates,andtheindependentoriginsofthegreenalgalplastid(greencircles)ineuglenids,and
chlorarachniophytes(seetextfordetails).Theselattertwogroupsarenotpartofthephylogenetic
analysisandhavebeensimplyaddedtothetree.

analysesofnuclear-encodedplastid-targeted
proteinsthatsupportsthemonophylyofchro-
malveolateplastidsisshowninFigure4b.
Theseparateoriginsofthechlorarachnio-
phyteandeuglenidgreenplastidsthatwasin-
ferredfromanalysisofplastidgenomesfrom
thesetaxa(85)havebeenaddedtothistree.
Thepotentialpowerofferedbyphylogenetics
isexemplifiedbyFigure4binwhichwecan
traceinoneframeworktheoriginofprokary-
oticgenesineukaryoticnucleargenomesvia
primaryendosymbiosis(filledbluecircle)and
thesubsequenttransferofthesegenesfrom
oneormoreredalgaetothechromalveolates
viasecondaryendosymbiosis(filledredcircle).
Thistypeofanalysishasalsoprovideddirect
evidencefortertiaryendosymbiosisinwhich

analgacontainingasecondaryplastidwasit-
selfengulfedandretainedbyanotherprotist
(13,40,69).Althoughnotdiscussedindetail
here,thisphenomenonisuntilnowlimited
todinoflagellatesthatarethemastersofserial
endosymbiosis(31).

CaseStudy:ThePeculiarPathof
DinoflagellatePeridininPlastid
Evolution
Themostcommontypeofplastidindi-
noflagellatescontainsperidininasthemajor
carotenoid.Thispigment,althoughsimilar
instructuretofucoxanthin,isuniqueto
thisgroup.Threemembranessurroundthe
peridinin-containingplastid,whichisnot
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Robustly locating the nucleomorph rules out artifacts 
when resolving less aberrant ‘Chromalveolates’.



How to check the 
assumptions of our test?

1. What if Plantae are actually paraphyletic?

2. How to deal with heterogeneous rates?

3. Do we have enough phylogenetic power? 

4. Are we misled by phylogenetic artifacts?

5. Are we misled by undetected EGT?



We analyze separately each nuclear gene
and look for statistically supported nodes
that are incongruent with the concatenation.

Concat. Tree

trees icons from TreeView X (Rod Page, Glasgow); magnifying glass from http://www.multimedialab.be/

√

http://www.multimedialab.be
http://www.multimedialab.be


Congruence analysis of individual genes does not yield 
any evidence for EGT in our nuclear data set.

Baurain et al. (2010) Mol Biol Evol (in press)

Causes of Incongruence

NNI local LBA EGT unexp. total

30 22 9 0 4 65

  0

  5

 10

 15

 20

 25

 30

 35

rp
l1

rp
s
2

6
w

0
9

c
g

rc
5

if
2

g
p

s
m

b
-J rf
1

rp
l1

6
b

rp
l1

9
a

rp
l2

4
-A

rp
l2

rp
l3

rp
s
2

rp
s
2

7
v
a

tb
c
c
t-

B
c
c
t-

D
c
c
t-

Z
e

f2
-E

F
2

e
r1 h
4

l1
2

e
-A

n
s
f1

-J
n

s
f1

-K
n

s
f1

-L
p

s
m

a
-C

p
s
m

a
-D

p
s
m

a
-F

p
s
m

b
-K

p
s
m

b
-L

rp
l1

1
b

rp
l3

2
rp

l3
8

rp
l4

2
rp

l4
B

rp
l5

rp
l7

-A
rp

p
0

rp
s
1

6
rp

s
2

0
rp

s
2

5
rp

s
2

8
a

rp
s
2

9
rp

s
3

rp
s
5

rp
s
8

v
a

ta
c
c
t-

E
c
c
t-

N
c
c
t-

T
fi
b

ri
if
1

a
if
2

b
if
6

l1
2

e
-C

l1
2

e
-D

n
s
f1

-G
n

s
f1

-I
n

s
f1

-M
n

s
f2

-A
p

s
m

a
-A

p
s
m

a
-B

p
s
m

a
-E

p
s
m

a
-G

p
s
m

b
-H

p
s
m

b
-I

p
s
m

b
-M

p
s
m

b
-N

rl
a

2
-B

rp
l1

2
b

rp
l1

3
rp

l1
4

a
rp

l1
5

a
rp

l1
7

rp
l1

8
rp

l2
0

rp
l2

1
rp

l2
2

rp
l2

3
a

rp
l2

4
-B

rp
l2

5
rp

l2
6

rp
l2

7
rp

l3
0

rp
l3

1
rp

l3
3

a
rp

l3
4

rp
l3

5
rp

l3
7

a
rp

l3
9

rp
l4

3
b

rp
l6

rp
l9

rp
s
1

0
rp

s
1

1
rp

s
1

3
a

rp
s
1

4
rp

s
1

5
rp

s
1

rp
s
1

7
rp

s
1

8
rp

s
1

9
rp

s
2

2
a

rp
s
2

3
rp

s
4

rp
s
6

s
a

p
4

0
v
a

te

 

BS ! 70%47 genes 61 genes



ANRV329-GE41-08 ARI 21 June 2007 22:19

ba
Emiliania huxleyi

Isochrysis galbana
Prymnesium parvum

Karenia brevis  

Thalassiosira pseudonana
Phaeodactylum tricornutum

Heterocapsa triquetra
Alexandrium tamarense
Amphidinium carterae

Galdieria sulphuraria
Cyanidioschyzon merolae

Eudicot
Arabidopsis thaliana

Oryza sativa
Chlamydomonas reinhardtii
Bigelowiella natans

Nostoc sp. PCC7120
Crocosphaera watsonii WH8501

Synechococcus elongatus PCC6301
Gloeobacter violaceus PCC7421

Euglena gracilis

Chromalveolates
Red algae
Cyanobacteria

Green algae
Chlorarachniophyte
Euglenid

Red algae
Alveolates

Stramenopiles

Haptophytes

Cryptophytes

Glaucophyte
algae

Photosynthetic
‘Plantae’ ancestor

Ancestral
Chromalveolate

Euglenids

Chorarachniophytes

Green
algae

Figure 4
The origin(s) of plastids in photosynthetic eukaryotes. (a) Multiple lines of evidence (see text) support the
single origin of the primary plastid in the ‘Plantae’ common ancestor. The plastid in red and green algae
was then transferred to chromalveolates, euglenids, and chlorarachniophyte amoebae via independent
secondary endosymbioses. (b) Phylogenetic tree based on maximum likelihood analysis of a data set of 6
nuclear-encoded plastid-targeted proteins that shows the origin of the primary plastid in ‘Plantae’ from a
cyanobacterial source (blue circle), the secondary origin of the red algal plastid (red circle) in
chromalveolates, and the independent origins of the green algal plastid (green circles) in euglenids, and
chlorarachniophytes (see text for details). These latter two groups are not part of the phylogenetic
analysis and have been simply added to the tree.

analyses of nuclear-encoded plastid-targeted
proteins that supports the monophyly of chro-
malveolate plastids is shown in Figure 4b.
The separate origins of the chlorarachnio-
phyte and euglenid green plastids that was in-
ferred from analysis of plastid genomes from
these taxa (85) have been added to this tree.
The potential power offered by phylogenetics
is exemplified by Figure 4b in which we can
trace in one framework the origin of prokary-
otic genes in eukaryotic nuclear genomes via
primary endosymbiosis (filled blue circle) and
the subsequent transfer of these genes from
one or more red algae to the chromalveolates
via secondary endosymbiosis (filled red circle).
This type of analysis has also provided direct
evidence for tertiary endosymbiosis in which

an alga containing a secondary plastid was it-
self engulfed and retained by another protist
(13, 40, 69). Although not discussed in detail
here, this phenomenon is until now limited
to dinoflagellates that are the masters of serial
endosymbiosis (31).

Case Study: The Peculiar Path of
Dinoflagellate Peridinin Plastid
Evolution
The most common type of plastid in di-
noflagellates contains peridinin as the major
carotenoid. This pigment, although similar
in structure to fucoxanthin, is unique to
this group. Three membranes surround the
peridinin-containing plastid, which is not
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We analyze separately each nuclear gene
and look for those that statistically support 
the monophyly of red algae.

trees icons from TreeView X (Rod Page, Glasgow); magnifying glass from http://www.multimedialab.be/

√

Reds

http://www.multimedialab.be
http://www.multimedialab.be


0.15

Theileria annulata
Babesia bovis

Plasmodium falciparum
Toxoplasma gondii

Eimeria tenella
Cryptosporidium parvum
Perkinsus marinus

Dinophyceae
Sterkiella histriomuscorum

Tetrahymena thermophila
Paramecium tetraurelia

Blastocystis hominis
Phytophthora sojae

Saprolegnia parasitica
Nannochloropsis oculata

Ectocarpus siliculosus
Phaeodactylum tricornutum
Thalassiosira pseudonana

Pavlova lutheri
Prymnesium parvum
Isochrysis galbana

Emiliania huxleyi
Guillardia theta

Chondrus crispus
Porphyra yezoensis

Galdieria sulphuraria
G.t. nm

Cyanidioschyzon merolae
Scenedesmus obliquus
Chlamydomonas reinhardtii
Dunaliella salina
Ostreococcus tauri
Micromonas sp.

Mesostigma viride
Closterium peracerosum-strigosum-littorale complex

Physcomitrella patens
Pinus taeda

Cyanophora paradoxa
Glaucocystis nostochinearum

Puccinia graminis
Ustilago maydis

Schizosaccharomyces pombe
Rhizopus oryzae

Spizellomyces punctatus
Blastocladiella emersonii

Sphaeroforma arctica
Capsaspora owczarzaki

Monosiga brevicollis
Monosiga ovata
Hydra magnipapillata

Reniera sp.
Nematostella vectensis
Acanthamoeba castellanii

Mastigamoeba balamuthi
Hartmannella vermiformis
Dictyostelium discoideum

Physarum polycephalum

 44

 86

 89

 90

 90

 87

 61

62

 90

 69
 99

 94

 95

 86

 85

 77

 34

 70

 29

 68

Supplementary Figure 11.

 97

 91

 99

 98

Amoebozoa

Opisthokonta

Viridiplantae

Cryptophyta

Rhodophyta

Haptophyta

Stramenopiles

Alveolata

Glaucophyta

Baurain et al. (2010) Mol Biol Evol (in press)



21 nucleus-encoded proteins
supporting red algae (BS ≥ 70%)

57 ‘species’ x 5,838 AA

CAT+Γ4 model
100 bootstrap replicates
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Clearly non-transferred genes
do not recover the monophyly of ‘Chromalveolates’.



How to check the 
assumptions of our test?

Control experiments show that the failure of the 
nuclear compartment to recover the monophyly 
of ‘Chromalveolates’ cannot be explained by 
wrong phylogenetic assumptions, heterogeneous 
evolutionary rates, a lack of phylogenetic power, 
combined phylogenetic artifacts, or undetected 
endosymbiotic gene transfer.



4Can we specify an 
alternative hypothesis?



a distantly related photosynthetic eukaryote whose plastid

evolved directly from the cyanobacterial plastid progenitor.

Inferring how many times the ‘primary’ plastids of red algae,

green algae (and plants) and glaucophyte algae evolved into

‘secondary’ plastids is an area of active investigation and

debate.(22–25) No secondary plastids derived from glauco-

phytes are known, but both green and red algae have, each at

the very least on one occasion, been captured and converted

into a secondary plastid (Fig. 2). This process involves a

second round of EGT, this time from the endosymbiont

nucleus to that of the secondary host (Fig. 1), as well as the

evolution of another protein import pathway built on top of that

used by primary plastids.(5,26) For these reasons, successful

integration of a secondary endosymbiont is thought by many

to be difficult to achieve, and secondary endosymbiosis is

thus usually invoked only sparingly.

Secondary plastids of green algal origin occur in

euglenophytes and chlorarachniophytes, whereas most

plastids in so-called ‘chromalveolates’ are derived from red

algae. Chromalveolates include cryptophytes, haptophytes,

dinoflagellates, apicomplexans, the newly discovered coral

alga Chromera velia and stramenopiles (or heterokonts), the

latter being the group to which diatoms belong (Fig. 2). The

chromalveolate hypothesis was put forth as an attempt to

N2

N1

HGT

M2

M1

CB

HGT HGT

Secondary host

  Plastid
progenitor

Primary host

EGT
EGT

Figure 1. Endosymbiosis and gene flow in photosynthetic eukar-
yotes. Diagram depicts movement of genes in the context of primary
and secondary endosymbiosis, beginning with the cyanobacterial
endosymbiont (CB) that gave rise to modern-day plastids. Acquisition
of genes by horizontal (or lateral) gene transfer is always a possibility,
and such genes can be difficult to distinguish from those acquired by
endosymbiotic gene transfer (EGT). CB, cyanobacterium; HGT, hor-
izontal gene transfer; MT, mitochondrion.
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Figure 2. Origin and spread of photosynthesis across the eukaryotic tree of life. Diagram shows hypothesised ‘supergroups’ with emphasis on
those containing photosynthetic lineages. Some (but not all) lineages within the different supergroups are provided for context. The tree
topology shown within the ‘chromalveolate’!SAR (Stramenopiles!Alveolates!Rhizaria) clade represents a synthesis of phylogenetic and
phylogenomic data published as of 31 August 2009. Branch lengths do not correspond to evolutionary distance. Dashed lines indicate
uncertainties with respect to the timing and/or directionality of secondary (28) or tertiary (38) endosymbiotic events, question marks (?) indicate
uncertainty as to the presence of a plastid and ‘!/"’ indicates that both plastid-bearing (!) and plastid-lacking (") dinoflagellates and
apicomplexans exist. Examples of green and red algal-derived tertiary plastids in dinoflagellates are known (see text for discussion). HGT,
horizontal (or lateral) gene transfer.
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Hacrobia and the SAR clade each resemble 
‘Chromalveolates’ in miniature.

Plantae



these are composed of the same coiled ribbon structure seen in
Type I ejectisomes of other katablepharids (data not shown).
However, they are aligned in the 5–11 rows, rather than the two
rows typical of katablepharids. The size gradient of R. truncata
ejectisomes within a row is also atypical: at the anterior end of a
row they are about the same size of type II ejectisomes (ca 0.3 mm),
increase in size so that by the posterior end of a row they are
similar in size to type I ejectisomes (ca 0.7 mm). Roombia truncata
possesses the smaller ejectisomes on the dorsal side as well.
Cryptophytes and goniomonads also have large and small

ejectisomes composed of a coiled ribbon that are similar to the
katablepharids type I and II ejectisomes, except that the large
ejectisome of cryptophytes has a small additional coil at the distal
end [39,40].

Feeding behavior
Katablepharids are cosmopolitan phagotrophic flagellates, feed-

ing on both bacteria and microalgae, and play an important role in

the aquatic microbial ecology both in marine and freshwater
environment [1–6]. Ultrastructural studies have shown that
katablepharids are equipped with a conical feeding apparatus at
the anterior apex, consisting of numerous longitudinal microtubules
lined with transverse tubular ring [1,35,41], superficially similar to
but substantially distinct from the apical complex of alveolates.
There are also numerous small, electron dense vesicles surrounded
by single or double membranes associated with the feeding
structure. Katablepharis spp., L. marina, and P. psammobia form swarms
when they attack prey, attaching to small cells directly at the cell
apex and then engulfing them [35,41], or myzocytotically taking up
the cytoplasm of larger prey (Okamoto, preliminary observations).
In contrast, H. arenicola does not form a swarm, but engulfs a small
prey cell without changing cell shape [10].
Interestingly, R. truncata appears to have a novel phagocytotic

behavior. Unlike any other katablepharids, R. truncata flexibly
expands a part or the cytoplasm to engulf the entire prey cell, even
when it is a large cell (Figures 3, 4, Movie S1).

Figure 7. Schematic diagram of Hacrobia. Red lines denote the retention of photosynthesis. Blue boxes denote the losses of photosynthesis. If
the monophyly of telonemids and centrohelids is the case as was suggested in Burki et al. [29], the number of losses of photosynthesis may be three,
instead of four.
doi:10.1371/journal.pone.0007080.g007

Evolution of Hacrobia

PLoS ONE | www.plosone.org 8 September 2009 | Volume 4 | Issue 9 | e7080

Hacrobia are supposed to be a monophyletic group.

Okamoto et al. (2009) PLoS ONE 4:e7080



Our data sets can be used to estimate the strength
of the signal for the monophyly of Hacrobia.
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the hypothesis. This is of critical importance because the central
thesis of common plastid origin is not challenged by the finding
that other lineages lacking this plastid fall within the chromalveo-
lates in host phylogenies. Indeed, one view would be that nuclear
gene phylogenies cannot actually disprove the chromalveolate
hypothesis but only suggest that other lineages may also have
descended from the original chromalveolate ancestor. In reality,
nuclear gene phylogenies could be so difficult to reconcile with
plastid data that they effectively do disprove the hypothesis,
but this would only realistically be the case if ‘‘chromalveolates’’
are widely separated in well-supported trees. This has become
extremely relevant in recent years, with the debate over the rela-
tionship between chromalveolates and rhizarians. The opposite
extreme would be that you cannot prove the chromalveolate
hypothesis with plastid data, because plastids can move between
lineages. This view is weakened by the total absence of tertiary
endosymbioses outside a few dinoflagellates.

WHAT ARE CHROMALVEOLATES?

The chromalveolates encompass a wide diversity of lineages with
radically different nutritional modes, cell types, and structures. It
includes some of the most diverse and well-studied protist groups,
so that it has been estimated that over 50% of all formally
described protists are chromalveolates (Cavalier-Smith 2004).
There are six major lineages in the group and many small
lineages or genera of uncertain evolutionary placement (Fig. 1).

Cryptomonads. Cryptomonads are common freshwater and
marine flagellates, nearly all of which are photosynthetic (Kugrens,
Lee, and Hill 2000). They are primarily known for their retention of
a relict nucleus of their red algal symbiont, called a nucleomorph,
along with its plastid (Archibald 2007). They are the only chromal-
veolate lineage demonstrated to have retained this nucleus (the only
other case being the green algal symbiont of chlorarachniophytes).
Their plastid is surrounded by four membranes, with the nu-
cleomorph between an outer and inner pair. The outermost mem-
brane is continuous with the host rough endoplasmic reticulum
(RER) and the outer membrane of the nucleus. Their plastids have
biliproteins in the thylakoid lumen, which have been lost in other
chromalveolates. The single genus considered to lack a plastid is
Goniomonas, from which no evidence of a plastid or nucleomorph
has been observed by electron microscopy.

Haptophytes. Haptophytes are abundant primary producers
in marine environments, some forming large blooms and one sub-
group covering their cells with distinctive plates or coccothiths
(Green and Jordan 2000). Virtually all known haptophytes are
photosynthetic, and possess four membrane-bounded plastids
where the outer membrane is continuous with the host RER and
outer membrane of the nucleus.

Stramenopiles. Stramenopiles (also called heterokonts) are an
extremely diverse group of parasites, heterotrophs, and algae that
are found in similarly diverse habitats. They are generally unified
by the possession of two unequal flagella, one with tripartite tubular
hairs, and have been shown to form a monophyletic group in many
molecular phylogenetic analyses. The non-photosynthetic strameno-
piles (e.g. oomycetes, bicosoecids, opalinids, labyrinthulomycetes,
and others) form between two to potentially several independent
lineages whose phylogenetic relationships are not clear (Cavalier-
Smith and Chao 2006). The photosynthetic stramenopiles (e.g.
diatoms, brown algae, chrysophytes, synurophytes, raphidiophytes,
and others) form a monophyletic lineage (collectively the ochro-
phytes), within which the branching order is also not certain (Ben
Ali et al. 2002; Cavalier-Smith and Chao 2006). Plastids in photo-
synthetic stramenopiles are surrounded by four membranes and, as
with cryptomonads and haptophytes, the outer membrane is contin-
uous with the host RER and outer membrane of the nucleus.

Ciliates. Ciliates are a very large and well-studied group of
non-photosynthetic parasites, symbionts, and heterotrophs that are
defined by the possession of dimorphic nuclei (germline micro-
nucleus and somatic macronucleus), the presence of many short
flagella (cilia) anchored by characteristic fibers, and conjugation
as the sexual process (Lynn 2008). No plastid has been identified
in any ciliate, although some have kleptoplasts (Johnson et al.
2007). Ciliates, together with the dinoflagellates and apicomplex-
ans, are members of the alveolates.

Dinoflagellates. Dinoflagellates are a common and widespread
group of parasitic, heterotrophic, or photosynthetic protists dis-
tinguished by flagellar structures and an unique set of nuclear/
chromosomal characters collectively called the dinokaryon
(Dodge and Lee 2000). About half the described species are pho-
tosynthetic. The majority of these possess a three-membrane
plastid distinguished by the pigment peridinin and no connection
to the host ER. A few lineages also have other types of plastid
that are derived from other primary or secondary algae through
additional tertiary or serial secondary endosymbiotic events
(Keeling 2004). Many of the non-photosynthetic lineages are
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Fig. 1. Schematic tree outlining the current hypotheses of chromal-
veolate relationships. Many relationships between chromalveolate sub-
groups are now well supported. Regions of the tree for which no consistent
relationships have emerged are indicated by polytomies (e.g. lineages
at the base of apicomplexa and dinoflagellates, and the branching order
of most subgroups of stramenopiles). Other more tenuous relationships are
indicated by dashed lines. The monophyly of alveolates and stramenopiles
is consistently found, but needs further evidence. The relationship between
Rhizaria and subgroups of chromalveolates is an emerging observation of
great interest that needs to be further refined and would be much stronger if
other supporting characters were found. The picobiliphytes have been
found to be related to cryptomonads in small subunit rRNA phylogenies,
but in the same trees no relationship between cryptomonads and hap-
tophytes was found, so the exact position of this group remains uncertain.
Telonema has also been found to be related to cryptomonads in HSP90
phylogeny and also in large multi-gene phylogenies, so its position appears
to be resolved now.
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adapted from Keeling (2009) J Eukaryot Microbiol 56:1-8

Cryptic plastids (or plastid remains) have been found
in a number of heterotrophic SA[R] lineages. 
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Isopentenyl diphosphate synthesis
Isoprenoids are a diverse range of compounds, composed
of repeated isopentenyl pyrophosphate (IPP) units. They
form prosthetic groups on a range of enzymes, and also
form the basis of ubiquinones and dolichols, which are
involved in electron transport and glycoprotein for-
mation, respectively. The existence of 1-deoxy-D-xylulose-
5-phosphate (DOXP) enzymes — sometimes called
non-mevalonate enzymes — for IPP biosynthesis in the
apicoplast of P. falciparum was first reported by Jomaa
and colleagues22 and has only recently been extensively
characterized. The DOXP pathway is distinct from
the classical acetate/mevalonate pathway, and has

known as orf470 or ycf2444, probably combines with
SufC, SufD, SufS and NifU38,45 (online TABLE S1) to pro-
duce holo-ferredoxin from imported apo-ferredoxin
(FIG. 4). Cysteine desulphurase presumably generates
sulphur for other apicoplast processes, such as the
biosynthesis of thiamine and thiol-modified tRNAs,
thereby implying a central and essential role for ferre-
doxin and FNR. The apicoplast-synthesized [Fe–S]
clusters are likely to be inserted into LipA, IspG and
IspH, enzymes of the fatty acid and isoprenoid path-
ways, and MiaB (tRNA methylthiotransferase; see
below). A separate [Fe–S] cluster generation system is
found in the Plasmodium mitochondrion.
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Figure 4 | Apicoplast fatty-acid and isopentenyl diphosphate biosynthesis.This scheme presents a model for Plasmodium falciparum apicoplast fatty-acid
biosynthesis (shaded yellow) and isopentenyl diphosphate biosynthesis (shaded blue) on the basis of predicted apicoplast proteins. Fates for fatty acids and isopentenyl
pyrophosphate (IPP) in the apicoplast and proteins with probable roles in exporting fatty acids are presented. Roles for cofactors and prosthetic groups are also shown.
Enzyme names are shown in red, substrates and products are shown in blue. ACCase, acetyl-CoA carboxylase; acetyl CoA, acetyl coenzyme A; ACP, acyl carrier protein;
ACS, acyl CoA synthetase; ACT1, glycerol-3-phosphate acyltransferase; ACT2, 1-acyl-glycerol-3-phosphate acyltransferase; ADP, adenosine diphosphate; ATP,
adenosine triphosphate; BirA, biotin-(acetyl-CoA-carboxylase) ligase; DXS, 1-deoxy-D-xylulose-5-phosphate (DXP) synthase; FabB/F, !-ketoacyl ACP synthase I/II; FabD,
malonyl-CoA transacylase; FabG, !-ketoacyl ACP reductase; FabH, !-keto-ACP synthase III; FabI, enoyl-ACP reductase; FabZ, !-hydroxyacyl-ACP dehydratase; FatA,
acyl-ACP thioesterase; Ferredoxin, an electron carrier protein; FNR, ferredoxin-NADP(+)-reductase; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; GpdA,
glycerol-3-phosphate dehydrogenase; IspC, DXP reductoisomerase ; IspD, 4-diphosphocytidyl-2C-methyl-D-erythritol synthetase ; IspE, 4-diphosphocytidyl-2C-methyl-D-
erythritol kinase; IspF, 2-C-methyl-D-erythritol 2,4-cyclodiphosphate synthase; IspG, (E)-4-hydroxy-3-methylbut-2-enyl diphosphate synthase; IspH, 1-hydroxy-2-methyl-2-
(E)-butenyl 4-diphosphate reductase; LipA, lipoic acid synthase; LipB, lipoate protein ligase; LPA, lysophosphatidic acid; MiaA, "-(2)-isopentenylpyrophosphate tRNA-
adenosine transferase; MiaB, tRNA methylthiotransferase; MiaE, tRNA 2-methylthio-N-6-isopentenyl adenosine hydroxylase; MnmA, 2-thiouridine modification of tRNA;
NAD+/NADH, nicotinamide adenosine; PA, phosphatidic acid; PDH, pyruvate dehydrogenase; PDH(E2), pyruvate dehydrogenase complex E2 subunit; PEP,
phosphoenolpyruvate; Pi, inorganic phosphate; PP, pyrophosphate; PPT, phosphoenolpyruvate/phosphate translocator; PYK, pyruvate kinase; SAD, stearoyl-ACP
desaturase; SufBCD, SufB–SufC–SufD cysteine desulphurase complex; TPK, thiamine phosphate kinase; TPT, triose phosphate transporter.

Ralph et al. (2004) Nat Rev Microbiol 2:203-216

The apicoplast of apicomplexan parasites is an example 
of a non-photosynthetic plastid that cannot be lost.



a distantly related photosynthetic eukaryote whose plastid

evolved directly from the cyanobacterial plastid progenitor.

Inferring how many times the ‘primary’ plastids of red algae,

green algae (and plants) and glaucophyte algae evolved into

‘secondary’ plastids is an area of active investigation and

debate.(22–25) No secondary plastids derived from glauco-

phytes are known, but both green and red algae have, each at

the very least on one occasion, been captured and converted

into a secondary plastid (Fig. 2). This process involves a

second round of EGT, this time from the endosymbiont

nucleus to that of the secondary host (Fig. 1), as well as the

evolution of another protein import pathway built on top of that

used by primary plastids.(5,26) For these reasons, successful

integration of a secondary endosymbiont is thought by many

to be difficult to achieve, and secondary endosymbiosis is

thus usually invoked only sparingly.

Secondary plastids of green algal origin occur in

euglenophytes and chlorarachniophytes, whereas most

plastids in so-called ‘chromalveolates’ are derived from red

algae. Chromalveolates include cryptophytes, haptophytes,

dinoflagellates, apicomplexans, the newly discovered coral

alga Chromera velia and stramenopiles (or heterokonts), the

latter being the group to which diatoms belong (Fig. 2). The

chromalveolate hypothesis was put forth as an attempt to
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Figure 1. Endosymbiosis and gene flow in photosynthetic eukar-
yotes. Diagram depicts movement of genes in the context of primary
and secondary endosymbiosis, beginning with the cyanobacterial
endosymbiont (CB) that gave rise to modern-day plastids. Acquisition
of genes by horizontal (or lateral) gene transfer is always a possibility,
and such genes can be difficult to distinguish from those acquired by
endosymbiotic gene transfer (EGT). CB, cyanobacterium; HGT, hor-
izontal gene transfer; MT, mitochondrion.
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Figure 2. Origin and spread of photosynthesis across the eukaryotic tree of life. Diagram shows hypothesised ‘supergroups’ with emphasis on
those containing photosynthetic lineages. Some (but not all) lineages within the different supergroups are provided for context. The tree
topology shown within the ‘chromalveolate’!SAR (Stramenopiles!Alveolates!Rhizaria) clade represents a synthesis of phylogenetic and
phylogenomic data published as of 31 August 2009. Branch lengths do not correspond to evolutionary distance. Dashed lines indicate
uncertainties with respect to the timing and/or directionality of secondary (28) or tertiary (38) endosymbiotic events, question marks (?) indicate
uncertainty as to the presence of a plastid and ‘!/"’ indicates that both plastid-bearing (!) and plastid-lacking (") dinoflagellates and
apicomplexans exist. Examples of green and red algal-derived tertiary plastids in dinoflagellates are known (see text for discussion). HGT,
horizontal (or lateral) gene transfer.
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In case of complete plastid loss,
some ‘algal’ genes should still be present. 
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Specific tests of the chromalveolate versus ochrophyte-specific modelsFigure 1
Specific tests of the chromalveolate versus ochrophyte-specific models. A. The chromalveolate model assumes the 
plastid present in modern ochrophytes was adopted as a red algal endosymbiont in the distant ancestor of all chromalveolate 
taxa, meaning this plastid was lost from oomycetes after they diverged from ochrophytes. Thus, the model (H1: yellow box and 
arrows) makes explicit and testable predictions. In contrast, an ochrophyte-specific origin of the diatom plastid (H2: orange box 
and arrow) makes alternative predictions. B. Fisher exact tests for excess gene signal in heterokont genomes from red algae 
versus the amoebozoan control. When adjusted for genome size, there are proportionally more first hits to red algae than to 
amoebozoans in P. ramorum but not in P. sojae. Both diatom genomes display highly significant excess signal from red algal 
genes. C. The same tests on only those genes present in all eukaryotic groups, showing the strong red signal in diatoms is not 
simply from plastid-related genes. D. Same tests (on genes present in all eukaryotic groups) on second hits when the first hit is 
to the sister heterokont. There is no indication of an excess red algal signal in either oomycete genome. More significantly, the 
extraordinary signal for a red contribution to the diatom genomes disappears in gene specifically conserved between oomyc-
etes and diatoms. Significant results after adjustments for multiple tests in B-D are shown in blue bold text.

Genome Red alga Amoebozoa
Adjusted ratio

red:control
P

Total first Blastp hits

P. ramorum 93 203 1.63 0.0002
P. sojae 77 238 1.11 0.23
Thalassiosira 221 55 14.6 2.7e-92

Phaeodactylum 206 58 12.7 3.2e-82

First hits, genes unrelated to plastid function

P. ramorum 25 27 3.13 0.0001
P. sojae 19 35 1.9 0.024
Thalassiosira 35 10 13.4 6.1e-15

Phaeodactylum 21 8 10.0 1.6e-8

Explicit test of H1: 2
nd hits when other heterokont is 1st

P. ramorum 10 16 0.69 0.86
P. sojae 9 17 0.63 0.90
Thalassiosira 10 17 0.26 0.9997
Phaeodactylum 14 12 0.34 0.997

H2: Ochrophyte 
endosymbiosis 
•Strong red signal 

from EGT/EGR only 
in diatoms
•Cyanobacterial genes 

in oomycetes did not 
arrive in red nucleus.

Primary endosymbiosis

Most cyanobacterial 
genes lost or moved 
to red nucleus via 
EGT/EGR

Ancestral red alga, the source of 
modern ochrophyte plastid. 

H1

H1: Chromalveolate model
•Ancient adoption of red algal 

endosymbiont.
•Most Red and cyanobacterial 

EGT/EGR occurred before the 
origin of all heterokonts.
•Many red genes still retained in 

the ancestor of diatoms and 
oomycetes, should be common
to both taxa.

H2

A

B
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A priori testing shows that ‘algal’ genes found
in Oomycetes are not proof of a photosynthetic past.

Stiller et al. (2009) BMC Genomics 10:484



Can we specify an 
alternative hypothesis?

The evolution of chlorophyll c-containing algae is 
better explained by a single secondary 
endosymbiosis with a red alga followed by at least 
one tertiary (quaternary...) endosymbiosis.
 
Issues surrounding Hacrobia and the SAR clade 
are reminiscent of those of ‘Chromalveolates’.

As plastids are difficult to loose, ‘algal’ genes in 
heterotrophic lineages should be reassessed.



?Do ‘Chromalveolates’ 
really exist?



Do ‘Chromalveolates’ 
really exist?

Whatever the meaning, most likely no.

Even if falsified, the ‘Chromalveolate hypothesis’ 
has provided a great impetus to the study of 
eukaryotic evolution (just like Archezoa).

Genome sequencing and cell biology are both 
needed to propose a testable alternative model.


