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Four eukaryotic lineages, namely, haptophytes,
alveolates, cryptophytes, and heterokonts, contain
in most cases photosynthetic and nonphotosynthetic
members—the photosynthetic ones with secondary
plastids with chl c as the main photosynthetic pig-
ment. These four photosynthetic lineages were
grouped together on the basis of their pigmentation
and called chromalveolates, which is usually under-
stood to imply loss of plastids in the nonphoto-
synthetic members. Despite the ecological and
economic importance of this group of organisms,
the phylogenetic relationships among these algae
are only partially understood, and the so-called
chromalveolate hypothesis is very controversial. This
review evaluates the evidence for and against this
grouping and summarizes the present understanding
of chromalveolate evolution. We also describe a test-
able hypothesis that is intended to accommodate
current knowledge based on plastid and nuclear
genomic data, discuss the implications of this
model, and comment on areas that require further
examination.

Key index words: alveolates; chromalveolate; crypto-
phyte; dinoflagellate; evolution; haptophyte;
heterokont; phylogenetics; plastid

Abbreviations: chl c, chlorophyll c; HGT, horizontal
gene transfer

Plastid acquisition. Photosynthesis is one of the
most critical processes that sustain life on earth.
Though different types of phototrophy involving a
variety of electron donors have been described in
Bacteria and Archaea, only oxygenic photosynthesis
is known in eukaryotes. All photosynthetic (i.e., plas-
tid containing) eukaryotes have directly or indirectly
gained photosynthesis from a cyanobacterium,
acquiring plastids through the processes of primary,
secondary, or tertiary endosymbiosis (Guillot and

Gibbs 1980a, Gibbs 1981a, Delwiche 1999, Keeling
2004). Primary endosymbiosis is the process by
which a cyanobacterium was engulfed and inte-
grated into a nonphotosynthetic eukaryotic host
cell. As a result, primary plastids (i.e., those of glau-
cophytes, land plants, and green and red algae) are
surrounded by a double membrane, often thought
to be derived from the cyanobacterium (Delwiche
1999, Reumann et al. 1999). However, most algal
lineages acquired their plastids in secondary or ter-
tiary endosymbioses. In secondary endosymbiosis, a
nonphotosynthetic eukaryotic host cell engulfed a
photosynthetic eukaryote, that is, a green or a red
alga (Gibbs 1978, 1981a, Guillot and Gibbs 1980a,
Delwiche 1999, Keeling 2004). Secondary plastids
(i.e., those of euglenoids, chlorarachniophytes,
haptophytes, heterokonts, alveolates, and crypto-
phytes) are surrounded by additional membranes
derived from the endosymbiont plasma membrane
and host endomembrane system (Gibbs 1981a,
Cavalier-Smith 1999, 2002).

Following (or during) each endosymbiotic (pri-
mary or secondary) event, the endosymbiont lost
the genes required for free-living existence, and
hundreds or thousands of endosymbiont genes were
transferred to the host nucleus (Martin et al. 2002,
Sun et al. 2004, Reyes-Prieto et al. 2006). However,
at least in most algae, part of the original endosym-
biont genome was maintained as the plastid genome
(Palmer and Delwiche 1996, Martin et al. 1998,
2002, Brown 2003). Protein products of plastid-
associated nuclear-encoded genes are targeted back
to the plastid and imported into the organelle aided
by target localization signals and protein-import
machinery (Archer and Keegstra 1990, Martin et al.
1998, Cavalier-Smith 1999, 2002). Targeting to pri-
mary plastids, such as those of green and red algae,
requires a transit peptide to transport the proteins
to the plastid across the double membrane
(Reumann et al. 1999, Kroth 2002). Recently, more
complex and novel routes of protein trafficking
have been observed in plants (Jarvis and Robinson
2004, Villarejo et al. 2005, Radhamony and Theg
2006). In the case of secondary plastids, targeting
signals consist of a bipartite targeting signal, a
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signal and a transit peptide adjacent to one another,
directing the protein first to the endomembrane
system of the host, and then to the plastid (van
Dooren et al. 2001, Cavalier-Smith 2002, Kroth
2002, Ralph et al. 2004). From this it follows that
photosynthetic eukaryotes have highly integrated
host and endosymbiont genomes that now depend
on each other to survive.

Evolutionary relationships among photosynthetic
eukaryotes have often been confounded with the
relationships among the plastids they harbor (Chris-
tensen 1962, Delwiche 1999, Palmer 2003). Once
the endosymbiotic origin of plastids was recognized
(Margulis 1970, Gibbs 1978, 1981b), relationships
among eukaryotic host cells came into question.
Algae are regarded today as a polyphyletic clade
with respect to the nuclear genome, but current
data are insufficient to fully explain the relation-
ships among them. Phylogenetic studies based on
concatenated mitochondrial or nuclear genes and
sparse taxon sampling were typically able to identify
major eukaryotic groups, but could not resolve deep
phylogenetic relationships (Van de Peer and De
Watcher 1997, Patterson 1999, Baldauf et al. 2000,
2004, Baldauf 2003, Cavalier-Smith 2003, Stechmann
and Cavalier-Smith 2003, Keeling 2004, Simpson
and Roger 2004). However, six major eukaryotic
clades are provisionally recognized today, including
Opisthokonta, Amoebozoa, Plantae, Rhizaria, Excav-
ata, and Chromalveolata (Patterson 1999, Nikolaev
et al. 2004, Simpson and Roger 2004, Adl et al.
2005, Keeling et al. 2005). These ‘‘supergroups’’
are, in some cases, defined primarily on molecular
data with strong (e.g., Opisthokonta, Amoebozoa)
or weak (e.g., Plantae, Rhizaria) support, while oth-
ers (e.g., Chromalveolata, Excavata) are based on
minimal, if any, support (Burki et al. 2007) and
remain highly controversial. Furthermore, several
described protist lineages (more than 20) have not
yet been assigned to any of these clades (Patterson
1999, Simpson and Patterson 2006). More detailed
studies (i.e., increasing taxon and gene sampling)
are necessary to assess whether these supergroups
are natural or not and how they relate to each
other. The supergroup Chromalveolata represents
the main focus of this review.

Chromalveolates. During the last decades, chrom-
alveolate lineages have been grouped together,
including or excluding some of their members, with
the consequent erection of higher taxon names
referring to overlapping groupings of taxa. King-
dom Chromista sensu Cavalier-Smith (1989)
includes cryptophytes, haptophytes, and hetero-
konts, based on the presence of mastigonemes
(tubular flagellar hairs) and ⁄ or the localization of
the plastid in the endomembrane system of the host
cell. Chromalveolates (Chromista and Alveolata) is a
term coined by Cavalier-Smith (1999) to refer to
a more inclusive group that embraces all chl
c–containing algae along with their heterotrophic

relatives (Cavalier-Smith 1999, 2004, Adl et al.
2005), namely, Haptophyta, Cryptophyta, Hetero-
kontophyta (or Stramenopiles), and Alveolata
(Dinophyta, Ciliophora, Apicomplexa). Taken
together, the chromalveolates constitute a major
branch on the tree of life and account for an impor-
tant fraction of eukaryotic diversity.

Cryptophytes comprise a small group (�200 spe-
cies) of photosynthetic and heterotrophic organisms
that live in marine and freshwater environments.
Plastid-containing lineages of cryptophytes appear
to be monophyletic to the exclusion of basal hetero-
trophic taxa from the genus Goniomonas (McFadden
et al. 1994, Marin et al. 1998). Cryptophyte plastids
contain chl a and c, and phycobiliproteins, the last
of which are not arranged in phycobilisomes, as in
red algae, but rather are localized in the thylakoid
lumen. The plastids were acquired by engulfing a
red alga and are surrounded by four membranes,
with the outermost membrane continuous with the
endoplasmic reticulum (ER) and called the chloro-
plast ER (CER) (Guillot and Gibbs 1980b, Gibbs
1981a, Oliveira and Bhattacharya 2000). In the peri-
plastidal space (between the inner two and the
outer two plastid membranes), cryptophytes still
maintain a remnant of the nucleus of the red algal
endosymbiont called a ‘‘nucleomorph’’ (Guillot and
Gibbs 1980a, Douglas et al. 2001).

Most haptophytes are unicellular, photosynthetic
eukaryotes occurring mainly in marine environ-
ments. There are no well-documented heterotrophic
members of this group (Marchant and Thomsen
1994), although many of them are mixotrophic
(Andersen 2004). Haptophyte plastids are pig-
mented with chl a and c, and two related carotenoid
fingerprints, 19¢ hexanoyloxyfucoxanthin and 19¢
butanoyloxyfucoxanthin (Bijornland and Liaaen-
Jensen 1989). The plastids are surrounded by four
membranes, from which the outermost membrane
is continuous with the ER (CER) (Gibbs 1981a,b).

The phylum Heterokontophyta encompasses an
extremely diverse group of protists (�100,000 spe-
cies) with photosynthetic and heterotrophic mem-
bers, including parasitic ones (e.g., Phytophthora
infestans, causative agent of the potato late blight)
(Patterson 1999, Andersen 2004, Adl et al. 2005).
Early diverging heterokonts, such as bicosoecids,
labyrinthulids, and oomycetes, are heterotrophic
(Cavalier-Smith and Chao 1996, Karpov et al. 2001),
but plastid-related genes have been found in the
nuclear genome of oomycetes, suggesting the possi-
bility of a photosynthetic ancestry of this lineage
(Andersson and Roger 2002, Robertson and Tartar
2006, Tyler et al. 2006). Photosynthetic members
(‘‘Stramenochromes’’ sensu Patterson 1999) carry
plastids surrounded by four membranes (including
CER) that contain chl a and c, and a diverse range
of accessory pigments.

Dinoflagellates, together with ciliates and apicom-
plexans, are collectively called Alveolates due to the
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presence in many of cortical alveoli (a layer of vesi-
cles localized below the plasma membrane) in these
three lineages (Cavalier-Smith 1991). Ciliates are
heterotrophic and aplastidic, while apicomplexans
are parasitic and contain a reduced plastid, called
the apicoplast, surrounded by four membranes
(Köhler et al. 1997, Foth and McFadden 2003). Most
current evidence supports a red algal ancestry of the
apicoplast and a close relationship with peridinin-
containing dinoflagellate plastids (Blanchard and
Hicks 1999, Foth and McFadden 2003, Waller and
Keeling 2006, Waller et al. 2006). Dinoflagellates
are biflagellate protists with diverse ecological roles
and nutritional strategies: photosynthetic, mixo-
trophic, predatory, and parasitic (Schnepf and
Elbrächter 1999, Hackett et al. 2004a). Most photo-
synthetic dinoflagellates (hereafter called peridinin-
dinoflagellates) have plastids that are surrounded
by three membranes and contain chl a and c, and
peridinin as the major photosynthetic pigments.
Many, if not all, peridinin-dinoflagellates appear to
lack a conventional plastid genome and have
instead several small circular DNA molecules,
typically �2–3 kbp, containing 0, 1, or 2 plastid
genes, with a total of fewer than 20 genes and RNAs
identified so far (Zhang et al. 1999, Barbrook and
Howe 2000, Hiller 2001, Barbrook et al. 2006,
Nelson et al. 2007). Peridinin-containing plastids
are also peculiar in the use of a nuclear-encoded
form II RUBISCO of a type found elsewhere only in
anoxygenic phototrophs instead of a plastid-
encoded form Ib RUBISCO, as in all other red-algal

derived plastids from haptophytes, cryptophytes,
and heterokonts (Morse et al. 1995, Delwiche and
Palmer 1996).

Historically, the four photosynthetic chromalveo-
late lineages (cryptophytes, haptophytes, hetero-
konts, and dinoflagellates) have been grouped
together based on their common pigmentation
(Christensen 1962, 1989). However, when ultrastruc-
tural and molecular studies revealed that plastids
were endosymbiotic cyanobacteria that could poten-
tially be acquired in independent events, the value
of plastid characters as phylogenetically informative
features (for the organism) came into question, and
these four lineages were more often treated sepa-
rately. Today, the evolutionary relationships among
cryptophytes, haptophytes, heterokonts, and alveo-
lates are still controversial, but multiple studies are
starting to shed some light.

Evolution of photosynthetic eukaryotes. A model
describing the evolution of a significant number of
photosynthetic eukaryotes is emerging based on
work done by several laboratories (Fig. 1). A single
primary endosymbiotic event probably gave rise to
the three primary-plastid-containing lineages, collec-
tively called Plantae (or Archaeplastida): green algae
(including land plants), red algae (Rhodophyta),
and probably glaucophytes (Cavalier-Smith 1998,
Moreira et al. 2000, Adl et al. 2005, Rodriguez-
Ezpeleta et al. 2005, Weber et al. 2006, Reyes-Prieto
and Bhattacharya 2007, but see Nozaki et al. 2003,
2007, Nozaki 2005). Two main innovations occurred
in the common ancestor of Plantae, including the

Fig. 1. Proposed model of evolution of chromalveolate lineages. Dashed lines indicate relationships with weak support or uncertain
characters. Crossed circles represent loss of photosynthesis and putative plastid losses in heterotrophic lineages. Filled triangles (clades)
indicate photosynthetic members; open triangles, heterotrophic ones. Plastid-related characters are mapped on the phylogram. A and B
represent two alternative evolutionary hypotheses discussed in the text.
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origin of a plastid metabolite translocator necessary
for establishment of the organelle (Weber et al.
2006), and the development of a protein import
mechanism required for the retargeting of proteins
encoded by cyanobacterial genes transferred to
the host nucleus (Cavalier-Smith 2002, Steiner and
Loffelhardt 2002). Recent studies based on nuclear
molecular data support the monophyly of Plantae,
although relationships among these lineages are
unclear (Burger et al. 1999, Moreira et al. 2000,
Keeling 2004, Sanchez-Puerta et al. 2004, Rodriguez-
Ezpeleta et al. 2005, Weber et al. 2006). In congru-
ence with the putative monophyly of the Plantae,
plastids from glaucophytes and red and green algae
descend from a common ancestor in cyanobacteria
(Delwiche et al. 1995).

At least three secondary endosymbiotic events are
recognized today. Two endosymbioses involve the
engulfment of a green alga by an ancestral eugle-
noid and a chlorarachniophyte in two separate
events (Delwiche 1999, Keeling 2004, Rogers et al.
2007) (not shown in Fig. 1). A third one involves
the engulfment of a red alga (Fig. 1), which ulti-
mately gave rise to the plastids of the four chl
c–containing eukaryotic lineages (i.e., chromal-
veolates; Cavalier-Smith 1999, Delwiche 1999,
Bhattacharya et al. 2003, Keeling 2004). Whether
chromalveolates are a monophyletic group derived
from a plastid-containing ancestor continues to be
the subject of much discussion. Recently, a series of
relevant studies have been published, changing the
field rapidly. Here, we will evaluate the evidence for
chromalveolate relationships (both plastid and host
relationships) and present a testable hypothesis
based on current data.

Assessing evolutionary relationships among plastids from
chromalveolates. Strong evidence exists for the
monophyly of chl c–containing plastids in chromal-
veolates and their association with red algal plastids
(Ishida and Green 2002, Yoon et al. 2002, 2005,
Bachvaroff et al. 2005, Shalchian-Tabrizi et al.
2006c, Khan et al. 2007, Sanchez-Puerta et al.
2007a). Furthermore, independent evidence for
the monophyly of the chl c plastids comes from plas-
tid-targeted nuclear-encoded genes (Fast et al. 2001,
Harper and Keeling 2003, Patron et al. 2004, Peter-
sen et al. 2006, Teich et al. 2007). However, rela-
tionships among plastids from haptophytes,
cryptophytes, heterokonts, and dinoflagellates
remain poorly understood.

Plastid evolution has been studied on the basis of
a high number of genes given the feasibility of
sequencing complete plastid genomes, although
taxon sampling has generally been lacking (Martin
et al. 1998, 2002, Hagopian et al. 2004, Bachvaroff
et al. 2005, Sanchez-Puerta et al. 2007a). Some stud-
ies, however, have included a denser taxon sampling
and only one or a few plastid-associated genes
(Ishida and Green 2002, Yoon et al. 2002, 2005).
Neither approach has been successful in elucidating

all plastid relationships, probably due to the speed
and antiquity of many of the key events, hetero-
geneous evolutionary rates across genes and taxa,
compositional bias, low taxon sampling (even in the
largest studies), and putative multiple endosym-
bioses. In addition, assessment of plastid relation-
ships based on plastid-associated nuclear-encoded
genes has been problematic due to confounding
cases of horizontal gene transfer (Hackett et al.
2004b, Li et al. 2006, Petersen et al. 2006, Reyes-
Prieto et al. 2007).

Most phylogenetic studies based on plastid genes
agree on the early diverging position of the crypto-
phyte plastids. Cryptophyte plastids are often found
to be sister to all other chl c–containing plastids,
with moderate to high bootstrap support (Yoon
et al. 2002, 2005, Bachvaroff et al. 2005, Shalchian-
Tabrizi et al. 2006c, Khan et al. 2007, Rogers et al.
2007, Sanchez-Puerta et al. 2007a). In contrast, a
few phylogenetic analyses showed variable support
for a sister relationship between cryptophyte and ha-
ptophyte plastids (Rice and Palmer 2006, Iida et al.
2007, Khan et al. 2007, Sanchez-Puerta et al. 2007a).
The replacement of a native plastid gene (rpl36) by
a laterally transferred bacterial copy of this gene in
cryptophyte and haptophyte plastid genomes also
suggests that their plastids may be closely related
(Rice and Palmer 2006). These conflicting results
may be due to the limitations of phylogenetic analy-
sis (including problems due to heterotachy, long
branch attraction, sampling and systematic errors),
additional cases of horizontal gene transfer, or mul-
tiple endosymbiotic events leading to plastid acquisi-
tion among chromalveolates (see below).

Relationships among heterokont, haptophyte,
and peridinin-dinoflagellate plastids are highly
unstable in phylogenetic analyses, probably in large
part due to the accelerated rate of evolution of
peridinin-dinoflagellate plastid sequences (Zhang
et al. 2000, Bachvaroff et al. 2006). Several studies
showed a sister relationship of the haptophyte and
peridinin-dinoflagellate plastids with variable sup-
port (Bachvaroff et al. 2005, Shalchian-Tabrizi et al.
2006c, Sanchez-Puerta et al. 2007a), while others
found a weak relationship of heterokont and
peridinin-dinoflagellate plastids (Durnford et al.
1999, Inagaki et al. 2004, Yoon et al. 2005, Inagaki
and Roger 2006). Overall, studies reveal a complex
set of relationships among chromalveolate plastids,
which are only partially understood.

Adding to the complexity, peridinin-containing
plastids have been replaced in several dinoflagellates
with other plastid types, including some acquired
from green algae, haptophytes, cryptophytes, or dia-
toms in independent secondary or tertiary endosym-
biotic events (Dodge 1975, Chesnick et al. 1997,
Schnepf and Elbrächter 1999, Saldarriaga et al.
2001, Tengs et al. 2001, Shalchian-Tabrizi et al.
2006b, Imanian et al. 2007). Atypically pigmented
dinoflagellates contain plastid-encoded form I
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RUBISCO derived from the novel endosymbiont,
although it is possible that they have also retained
form II RUBISCO in their nuclear genome. Most of
these atypically pigmented dinoflagellates have
received relatively little attention, and in most cases,
the details of interactions between the endosymbiont
and nucleus are poorly known (Cavalier-Smith 1999,
Nosenko et al. 2006, Patron et al. 2006). The most
prominent group of anomalously pigmented dino-
flagellates are those containing haptophyte-derived
tertiary plastids, which include such important
organisms as the red-tide alga Karenia brevis (Tengs
et al. 2000, Nosenko et al. 2006). Preliminary studies
of protein trafficking in haptophyte-containing dino-
flagellates suggested a protein-targeting mechanism
different to that functioning in peridinin-containing
dinoflagellates (Patron et al. 2006). Further work
needs to be done on other anomalously pigmented
dinoflagellates to assess if a protein transport system
has been established, and if so, whether a novel sys-
tem was developed or the same protein import
mechanism is maintained.

Assessingevolutionary relationshipsamongchromalveolate
host cells. Knowledge of chl c plastid relationships
conveys only partial information regarding the num-
ber of endosymbiotic events that took place in
chromalveolate evolution, or the relationships
among their host genomes. Several models of host
cell evolution are congruent with a monophyletic
chl c plastid clade (Cavalier-Smith 1999, Bachvaroff
et al. 2005, Bodyl 2005, Bodyl and Moszczynski
2006, Sanchez-Puerta et al. 2007a). To piece the
story together, relationships among host cell
genomes also need to be analyzed, using mitochon-
drial genes or nucleus-encoded genes that are not
plastid derived.

Several attempts to resolve deep eukaryotic rela-
tionships yield unresolved trees, in particular, for
chromalveolate lineages that group weakly with dif-
ferent lineages depending on the methodology,
molecular marker, and taxa included (Bhattacharya
et al. 1995, Van de Peer and De Watcher 1997, Bal-
dauf et al. 2000, Stibitz et al. 2000, Stechmann and
Cavalier-Smith 2003, Sanchez-Puerta et al. 2004).
Lately, more resolved phylogenies using larger data
sets and more complex analytical methods have
been obtained (see below).

A sister relationship of heterokonts and alveolates
has been reported from several phylogenetic analy-
ses based on independent molecular data sets (Van
de Peer and De Watcher 1997, Fast et al. 2002,
Harper et al. 2005). Surprisingly, recent phylo-
genetic analyses found a well-supported relationship
of alveolates, heterokonts, and members of the
supergroup Rhizaria (Burki et al. 2007, Hackett
et al. 2007, Not et al. 2007). Rhizaria encompasses a
wide diversity of parasitic or free-living unicellular
eukaryotes (Simpson and Patterson 2006). Most
members of Rhizaria are heterotrophic, with the
exception of chlorarachniophytes, which contain

secondary plastids acquired from green algae in a
separate endosymbiotic event (Rogers et al. 2007).
In addition, what appears to be a completely inde-
pendent primary endosymbiosis has been described
involving a cyanobacterium and the rhizarian filose
amoeba Paulinella chromatophora (Kies 1974, Marin
et al. 2005, Yoon et al. 2006); however, additional
work is needed to fully characterize this symbiotic
relationship (Bodyl et al. 2007, Reyes-Prieto et al.
2007).

Cryptophyte and haptophyte lineages have been
more difficult to place phylogenetically and have
been often individually associated with a variety of
taxa with low support (Bhattacharya et al. 1993,
Medlin et al. 1997, Tengs et al. 2000, Stechmann
and Cavalier-Smith 2003). Recent phylogenetic anal-
yses based on nuclear genes showed a sibling rela-
tionship of haptophytes and cryptophytes with
moderate to strong support (Harper et al. 2005,
Burki et al. 2007, Hackett et al. 2007, Patron et al.
2007). In addition, two newly erected heterotrophic
protist phyla (Kathablepharida and Telonemia) have
been associated with cryptophytes based on molecu-
lar data (Okamoto and Inouye 2005b, Shalchian-
Tabrizi et al. 2006a). Interestingly, a possible
ongoing secondary endosymbiosis between a katab-
lepharid Hatena arenicola and a green alga has been
described (Okamoto and Inouye 2005a, 2006),
although further studies are needed to better under-
stand the nature of the endosymbiotic relationship.
Furthermore, a new lineage of photosynthetic
eukaryotes, picobiliphytes, has recently been discov-
ered by environmental sequencing and weakly posi-
tioned as a sister group to cryptophytes (Not et al.
2007). This new group of photosynthetic picoplank-
ton contains a plastid-like structure with phycobili-
proteins, and presumably a nucleomorph (Not et al.
2007); however, these data need to be further con-
firmed. The clade formed by cryptophytes, Telonema,
picobiliphytes, katablepharids, and haptophytes has
not been affiliated to any other group of eukaryotes
with certainty.

Piecing together the evolutionary history of Chromalveo-
lata. Despite the big challenges due to scattered
and equivocal data, a provisional model of chromal-
veolate evolution can be outlined combining obser-
vations from host and endosymbiont studies
(Fig. 1). This model represents a collection of inter-
related hypotheses, each of which can (and should)
be individually tested. We propose a single second-
ary endosymbiosis with a red alga during the evolu-
tion of cryptophytes and haptophytes, and one or
two tertiary endosymbiotic events (excluding the
exceptional plastid replacements described in some
dinoflagellate lineages) during the evolution of
heterokonts and alveolates. Under the proposed
hypothesis, chromalveolates are not necessarily
monophyletic and are only possibly paraphyletic
(with respect to Rhizaria). Recently, Burki et al.
(2007) postulated that chromalveolate lineages
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might have acquired their plastids in a few indepen-
dent secondary endosymbioses with red algae. This
hypothesis is not consistent with the evidence given
by analyses based on the nuclear-encoded plastid-
targeted genes GAPDH and FBA, which show that
chromalveolate lineages (and not red algae) share a
duplication of the gapdh gene (Fast et al. 2001, Har-
per and Keeling 2003) and a particular type of FBA
gene (Patron et al. 2004). In addition, separate plas-
tid acquisition in ‘chromalveolates’ from red algae
would also invoke independent evolution of chl c.
What follows is a working hypothesis for the evolu-
tion of chromalveolate lineages that is consistent in
most ways with current data.

In a single secondary endosymbiotic event, the
common ancestor of cryptophytes + haptophytes
engulfed a unicellular red alga and retained it as
a secondary plastid (Fig. 1). This endosymbiosis
took place after the divergence of members of the
Cyanidiales (Rhodophyta) and before the split
between Bangiales and Florideophycideae (Yoon
et al. 2002, 2004, Sanchez-Puerta et al. 2007a). One
study suggests a member of the red algal order
Porphyridiales as the ancestor of the chl c plastids
(Shalchian-Tabrizi et al. 2006c). Better taxon sam-
pling within the Rhodophyta is needed to establish
conclusively the closest living ancestor of chromal-
veolate plastids, and it is important to bear in
mind that key red algal lineages may have since
gone extinct.

A number of evolutionary changes occurred in
the organelles and host cells following endosymbio-
sis. Some of the most relevant plastid-related evolu-
tionary events include development of a targeting
system for complex plastids (surrounded by more
than two membranes), fusion of the outermost
membrane (i.e., the food vacuole) with the ER to
form the CER, and biosynthesis of chl c. In addi-
tion, under this model, a copy of the gene rpl36 was
laterally transferred from a bacterium to the plastid
genome of the common ancestor of cryptophytes
and haptophytes, replacing the native rpl36 gene
(Rice and Palmer 2006). As a result, it is likely that
two copies of the gene rpl36 (one foreign, one
native) coexisted in the population (not in a single
plastid genome) for some time, until the native
copy was presumably lost in haptophytes and crypto-
phytes (Hackett et al. 2007, see below).

After the divergence of haptophytes, the sister
clade diversified into four main lineages: crypto-
phytes, katablepharids, telonemids, and possibly
picobiliphytes. Secondary loss of photosynthesis
(and maybe plastids) occurred in Goniomonas, kat-
ablepharids, and Telonema. Haptophytes lost the
phycobiliproteins and also the nucleomorph and
might have retained the native copy of rpl36 for
some time as a polymorphism within the plastid
population. It is possible that some lineages of ha-
ptophytes retained only the native rpl36 as a result
of lineage sorting. So far, the single haptophyte

examined, Emiliania huxleyi, contains only the foreign
copy of rpl36 in its plastid genome (Sanchez-Puerta
et al. 2005, Rice and Palmer 2006). Additional rpl36
data on a broad range of haptophytes would help
clarify this scenario.

Plastid acquisition in the common ancestor of
heterokonts and alveolates may have occurred after
the divergence of Rhizaria. Under this model, a sin-
gle endosymbiotic event took place in the ancestor
of heterokonts + alveolates. Alternatively, two sepa-
rate endosymbioses could have occurred indepen-
dently in heterokonts and alveolates (Fig. 1, see
below). It is difficult to estimate the timing of this
event in the evolutionary history of heterokonts
given the lack of data from early diverging lineages
of heterokonts, such as bicosoecids and labyrinthu-
lids. Under this scenario, the other endosymbiosis
would have occurred in the common ancestor of
apicomplexans and dinoflagellates to the exclusion
of ciliates.

Whatever the timing of their acquisition, identify-
ing the source of the plastid of heterokonts and
alveolates is difficult. One possibility is that a
haptophyte was engulfed in one (or two) tertiary
endosymbioses (Fig. 1, hypothesis A). This endo-
symbiotic haptophyte might have contained only
the native copy of rpl36 and not the foreign one as
a result of lineage sorting. This model of plastid
evolution is consistent with chromalveolate plastid
relationships observed in most phylogenies based
on plastid genes. Alternatively, heterokonts and
alveolates could have engulfed (in one or two sepa-
rate events) a photosynthetic ancestor of crypto-
phytes and haptophytes, previous to the horizontal
transfer of rpl36 (Fig. 1, hypothesis B). Under
this second scenario, heterokonts and alveolates
must have lost the phycobiliproteins independently
from haptophytes. This hypothesis conflicts with
most phylogenetic analyses based on plastid genes
(Yoon et al. 2002, 2005, Bachvaroff et al. 2005,
Shalchian-Tabrizi et al. 2006c, Khan et al. 2007,
Rogers et al. 2007, Sanchez-Puerta et al. 2007a),
albeit with some exceptions (Rice and Palmer 2006,
Iida et al. 2007, Khan et al. 2007, Sanchez-Puerta
et al. 2007a). Under either hypothesis, heterokonts
and alveolates lost the nucleomorph after plastid
gain (Fig. 1).

Plastid acquisitions were followed by loss of pho-
tosynthetic ability (and plastid altogether in some
cases) in several lineages, including oomycetes,
heterotrophic dinoflagellates, ciliates, and apicom-
plexans. In agreement with this hypothesis, plastid-
associated genes have been found in the nuclear
genome of oomycetes (Andersson and Roger 2002,
Robertson and Tartar 2006, Tyler et al. 2006),
heterotrophic dinoflagellates (Sanchez-Puerta et al.
2007b, Stelter et al. 2007), and even the remnant of
a plastid in apicomplexans (Köhler et al. 1997, Foth
and McFadden 2003) and the dinoflagellate Perkin-
sus (Teles-Grilo et al. 2007). In contrast, no trace of
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the ancestral presence of a plastid has yet been
reported for ciliates, even though the complete
nuclear genome of the ciliate Tetrahymena has been
sequenced (Eisen et al. 2006). However, it is impor-
tant to mention that only the macronucleus (not
the micronucleus) of this ciliate has been examined.
The relationship and coadaptation of host and
endosymbiont are extremely intimate and involve
several key metabolic pathways beyond photosynthe-
sis; these are often retained in secondarily nonphoto-
synthetic lineages. In this context, it would be
surprising if ciliates had altogether dispensed with
the metabolic functions carried out by the organelle
or organelle-derived genes after losing their plastids.
For this reason, we favor two independent tertiary
endosymbioses in the evolution of heterokonts and
alveolates (Fig. 1). In this scenario, ciliates would
have never contained a plastid, and few plastid-
derived genes would be expected in their nuclear
genome.

One important concern about the proposed evo-
lutionary model refers to the loss of plastid mem-
branes after tertiary endosymbiosis. A tertiary
endosymbiotic event would theoretically lead to a
plastid surrounded by six membranes (four from
the original secondary plastid present in the endo-
symbiont, plus the endosymbiont plasma membrane
and one derived from the host vacuole). However,
plastids from heterokonts and apicomplexans con-
tain four membranes, and peridinin-dinoflagellates
only three. It has been questioned how the number
of plastid membranes could be reduced and how
likely this evolutionary event is (Cavalier-Smith
1999, 2002). Evidence from a separate, unambigu-
ous case of tertiary endosymbiosis indicates that
membranes can be lost or fused, although the
mechanism remains unknown. In this independent
‘‘natural experiment,’’ a dinoflagellate replaced its
peridinin-plastid by engulfing a haptophyte and
retaining it as a tertiary plastid surrounded today by
only four membranes (Dodge 1975, Tengs et al.
2000). In addition, it is unclear how complex and
unique is the fusion of the plastid outermost mem-
brane with the ER (to form the CER) that occurs in
cryptophytes, haptophytes, and heterokonts, and
what is the likelihood of evolving independently in
the ancestor of cryptophytes + haptophytes and in
heterokonts, or to be lost (e.g., in dinoflagellates).
Because a typical food vacuole occupies a topologi-
cal position in the cell comparable to that of the
ER, fusion of these structures is not necessarily sur-
prising.

Another relevant issue refers to the complexity
and consequent likelihood of multiple independent
plastid acquisitions. Alternative evolutionary hypoth-
eses to the one presented here have been proposed
(Cavalier-Smith 1999, Bachvaroff et al. 2005, Nozaki
2005, Bodyl and Moszczynski 2006, Petersen et al.
2006, Hackett et al. 2007, Nozaki et al. 2007, Patron
et al. 2007, Sanchez-Puerta et al. 2007a, Teich et al.

2007). Many of these hypotheses rely partly on the
assumption that complex processes, such as estab-
lishment of an organelle (particularly, the develop-
ment of a targeting mechanism), are not likely to
originate twice in evolution, indicating that certain
evolutionary innovations must have arisen a minimal
number of times (Cavalier-Smith 1999). This is
nominally a parsimonious argument, but recent
studies indicate that developing a targeting system
in complex plastids is not as unlikely as once specu-
lated (Bodyl and Moszczynski 2006, Reyes-Prieto
et al. 2007, Teich et al. 2007). Furthermore, the
chromalveolate hypothesis (and slight variants of it)
propose that the common ancestor of chromalveo-
lates (and perhaps Rhizaria) would have acquired a
plastid in a single secondary endosymbiotic event by
engulfing a unicellular red alga (Cavalier-Smith
1999, Hackett et al. 2007, Patron et al. 2007). How-
ever, there are few data that directly support a com-
mon ancestry of all of the chromalveolate lineages
(including Rhizaria or not), and plastid relation-
ships are often not congruent with current host
phylogeny.

In conclusion, several alternative evolutionary
hypotheses would be consistent with the current
evolutionary evidence. We propose a model of
algal evolution that accommodates the conflicting
relationships of chromalveolate plastids and their
host cells. To test the interrelated hypotheses, addi-
tional sampling of important lineages (e.g., early
divergent heterokonts, additional members of Hap-
tophyta, sister groups to cryptophytes, and other
yet to be discovered algal lineages), together with
overall increase in molecular data, would continue
to clear the path toward understanding chromalve-
olate evolution and the intriguing development of
key evolutionary events. In particular, assessing the
presence of plastid-derived genes in the nuclear
genome of members of Rhizaria, additional ciliate
species, and early divergent heterokonts would
help distinguish whether the plastids of hetero-
konts and alveolates were acquired in independent
events or in a single endosymbiosis in their com-
mon ancestor. Furthermore, examining the pres-
ence ⁄ absence of foreign and native rpl36 in several
haptophytes, as well as heterokonts and dinoflagel-
lates, would be useful to test the hypothesis that
we postulate here (see above). Increasing the
taxon sampling in plastid phylogenies should help
us understand the conflicts observed in current
phylogenetic analyses. Also, the predicted presence
of a duplicated gapdh gene, a plastid-targeted fbaII
gene, a foreign rpl36 gene, and CER in phycobili-
phytes could be tested. Lastly, new ultrastructural
work in the context of modern phylogenetic
information, particularly examining the presence
and characteristics of CER (Gibbs 1981a,b) in a
broader range of chromalveolates, will help us
understand the complexity and evolution of this
cellular structure.
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