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Recycled plastids: a‘green
movement’ in eukaryotic evolution

John M. Archibald and Patrick J. Keeling

Secondary endosymbiosis is the process that drives the spread of plastids
(chloroplasts) from one eukaryote to another. The number of times that this

has occurred and the kinds of cells involved are now becoming clear.
Reconstructions of plastid history using molecular data suggest that secondary
endosymbiosis is very rare and that perhaps as few as three endosymbioses
have resulted in a large proportion of algal diversity. The significance of these
events extends beyond photosynthesis, however, because non-photosynthetic
organisms such as ciliates appear to have evolved from photosynthetic
ancestors and could still harbor plastid-derived genes or relict plastids.
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trace back to a single endosymbiotic event with a
cyanobacterium, called the primary endosymbiosis
(Box 1). However, primary-plastid-containing plants
and algae only account for a fraction of photosynthetic
biodiversity: many eukaryotic algae acquired
photosynthesis through secondary endosymbiosis,
and it is these algae upon which we focus here.

In secondary endosymbiosis, a eukaryote obtained
a plastid by engulfing a phototrophic eukaryote with a

primary plastid and retaining its photosynthetic
apparatus. In effect, plastids have spread laterally
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Itis now well established that plastids, the light-
harvesting organelles of photosynthetic eukaryotes,
are the product of an ancient symbiosis between a
eukaryote and a cyanobacterium. Together with the
endosymbiosis that gave rise to mitochondria, the
origin of plastids ranks as one of the most significant
events in the evolution of the eukaryotic cell, because
it gave rise to all phototrophic eukaryotes.

Studies based on gene sequences encoded in the
mitochondria [1], plastids [2—4] and nuclei [5,6] of
plants and algae reveal that all plastids ultimately

between distantly related eukaryotic lineages by being
eaten but not digested. The array of algae produced by
this process is extremely diverse so, even though this
has been an important force in eukaryotic evolution,

it has been difficult to determine the number of times
plastids have moved between eukaryotes, or even the
nature of the cells involved. This article focuses on
recent molecular data bearing on this issue, which
suggest that secondary endosymbiosis has been a
relatively rare event in the evolution of eukaryotic
cells, and that many non-photosynthetic eukaryotes
might have descended from plastid-bearing ancestors.

http://tig.trends.com  0168-9525/02/$ - see front matter © 2002 Elsevier Science Ltd. All rights reserved. Pll: S0168-9525(02)02777-4
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Box 1. Endosymbiotic origin of plastids

The idea that plastids might be derived from endosymbiotic prokaryotes was first
introduced in the 1800s and is now practically uncontested because it is supported
by many types of extremely compelling evidence. Early arguments for an
endosymbiotic origin of plastids were based on microscopic observations, the
pigments contained within the plastid and the kinds of drugs that inhibit their
metabolism. However, the discovery that plastids contained DNA led to some of the
most convincing evidence for their prokaryotic ancestry. All plastids contain a small
genome, which encodes many genes that show a close phylogenetic relationship to
cyanobacteria [a]. In addition, certain aspects of the gene order and genome
organization are also conserved between plastids and cyanobacteria. This is best
illustrated by the ribosomal-protein ‘superoperon’, which is a fusion of the S10,
spcand o.operons (and the stroperon in certain algae) [b]. This organization is
found exclusively in cyanobacteria and plastids. Although the evidence that
plastids originated from cyanobacteria by endosymbiosis is now extremely strong,
the exact nature of the cyanobacterial endosymbiont remains highly contentious
because plastids show no obvious similarity or phylogenetic relationship to any
one kind of cyanobacterium.
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(Vol. 54) (Roberts, D.M. et al., eds), pp. 109—-126, Cambridge University Press
b McFadden, G.l. and Waller, R.F. (1997) Plastids in parasites of humans. BioEssays
19, 1033-1040

Second-hand plastids

Early work on photosynthetic eukaryotes led to the
identification of two fundamentally different types of
plastid. Primary (or simple) plastids are surrounded
by two membranes and are found in red algae, green
algae, land plants and glaucocystophytes (Box 2).
Primary plastids descend vertically from the original
endosymbiosis with a cyanobacterium, and their
membranes correspond to the inner and outer

membranes of its Gram-negative envelope (Fig. 1a,b).

The plastids of glaucocystophytes have also retained
the peptidoglycan cell wall that is characteristic of

Box 2. Glossary of algal diversity
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their Gram-negative cyanobacterial ancestors, a
feature that has been lost in all other plastids.
Secondary (or complex) plastids are presentin all
other algae and are characterized by the presence of
additional membranes. The plastids of heterokonts,
haptophytes, apicomplexa, cryptomonads and
chlorarachniophytes are bound by four membranes,
whereas those of euglenids and dinoflagellates are
surrounded by three membranes. Initially enigmatic,
these additional plastid membranes are now known to
be a natural consequence of secondary endosymbiosis.
In four-membrane plastids, the third membrane
surrounding the organelle is derived from the plasma
membrane of the endosymbiont, and the fourth
membrane corresponds to the phagosomal membrane
of the secondary host (Fig. 1c,d) [7]. From a cell-
biological perspective, the most significant difference
between primary and secondary plastids is the fact
that primary plastids reside within the cytosol of the
host, whereas secondary plastids reside within the
lumen of the endomembrane system. This is most
striking in cryptomonads, haptophytes and
heterokonts, in which the outermost plastid membrane
is physically continuous with the endoplasmic
reticulum (ER) and outer envelope of the nucleus [8].
At the level of genes and proteins, the differences
between the membranes of primary and secondary
plastids have significant repercussions in gene
transfer and protein trafficking. In all algae,
most plastid proteins are encoded by nuclear genes
and the proteins are targeted to primary plastids
post-translationally using a transit peptide. However,
nuclear-encoded proteins targeted to secondary
plastids must traverse one or more additional
membranes. They achieve this by making use of the

The diversity of algal groups is sometimes confusing, owing in large part
to the fact that the ‘algae’ are not all related to one another, as a result of
secondary endosymbiosis. Here, we provide a quick primer, with some
features of each of the major lineages discussed in this article.

Green algae (and plants) (e.g. Chlamydomonas): Plants evolved from
green algae and are very similar to them in many respects. Both are
extremely abundant, morphologically diverse, successful lineages.

Red algae (e.g. Porphyra): Very abundant, diverse group ranging from
microscopic balls to large multicellular seaweeds. Some of the large
seaweeds are used to produce carbohydrates such as carrageenan or to
make the nori used to wrap sushi.

Glaucocystophytes (e.g. Cyanophora): A little-studied group of algae with
a primary plastid. Most remarkable because their plastid is the only one
that has retained the peptidoglycan wall between its two membranes.
Chlorarachniophytes (e.g. Chlorarachnion): Relatively rare marine
amoeboflagellate algae with green secondary plastids. Best known
because the secondary endosymbiont has retained its nucleus (called a
nucleomorph) and a miniature genome.

Euglenids (e.g. Euglena): Common algae in marine and freshwater
environments with a green secondary plastid. Known for their peculiar
movement and as close relatives of the parasitic trypanosomes.
Cryptomonads (e.g. Guillardia): Common algae with a red secondary
plastid. Best known because, along with chlorarachniophytes, they have
retained a nucleomorph. The complete sequence of a cryptomonad
nucleomorph genome is now known and is a model of reduction and
compaction.

http://tig.trends.com

Haptophytes (e.g. Emiliania): Common, ecologically important algae
with a red secondary plastid. Many haptophytes are covered in elaborate
calcareous scales called coccoliths, which are a primary component of
chalk sediments such as the white cliffs of Dover.

Heterokonts (e.g. Laminaria, Phytophthora): A very diverse group that
includes many photosynthetic forms (e.g. kelps and diatoms) and
non-photosynthetic forms (e.g. oomycetes such as the potato-late-
blight agent). Photosynthetic types have a red secondary plastid,

and evidence now suggests that the entire group is derived from a
photosynthetic ancestor.

Dinoflagellates (e.g. Amphidinium): Very common group with a red
secondary plastid. Best known for causing ‘red tides’ and toxic shellfish
poisoning, but also very important ecologically.

Apicomplexa (e.g. Plasmodium, Cryptosporidium): A very diverse group,
all of which are obligate intracellular parasites. They cause many medically
and commercially significant diseases, notably malaria. Recently found to
contain a plastid, now known to be a red secondary plastid.

Ciliates (e.g. Paramecium): A completely non-photosynthetic group of
protists that are characterized by the presence of cilia or short flagellain
large numbers. They are very important microbial predators that have
never been found to contain a plastid, but evidence now suggests that
they might be derived from photosynthetic ancestors.

Alveolates: A group consisting of ciliates, apicomplexa and
dinoflagellates.

Chromalveolates: Group consisting of cryptomonads, heterokonts,
haptophytes and alveolates.



signal-peptide secretion system: the proteins are first
co-translationally targeted to the ER using a signal
peptide, then diverted to the plastid by a sorting
system that remains uncharacterized, and finally
traverse the two inner plastid membranes using a
standard transit peptide [7,9—-11]. All secondary
plastids seem to use the same general strategy for
plastid-protein trafficking, but there are few data
about whether various groups have evolved this
system independently or in common, because the
details of how the system works in these organisms
are poorly understood.

Although the presence of four membranes is
consistent with the simplest model of secondary
endosymbiosis, the evolution of three-membrane
plastids in euglenids and dinoflagellates is somewhat
more controversial (Box 3). Several scenarios have
been proposed to explain their origin [12,13] but one
particularly interesting suggestion is that differences
in membrane number reflect plastids originating
from different feeding mechanisms. Typical
eukaryotic phagocytosis results in the entire food cell
being engulfed in a host vacuole, and hence in a four-
membrane plastid (Fig. 1). By contrast, the relatively
rare process of myzocytosis does not involve ingestion
of the plasma membrane of the prey cell, only its
contents. Such a mechanism could, in theory, explain
the evolution of plastids bound by three membranes
[14]. However, this idea suffers from one crucial
problem: the integration of host and endosymbiont is
a complex process involving the transfer of hundreds
of genes to the nucleus and the acquisition of a
sophisticated protein targeting machinery. Itis
difficult to fathom how an endosymbiont with no
plasma membrane could divide and segregate its
nucleus and other essential components during the
many generations necessary to carry out this genetic
and cellular integration successfully. A much simpler
explanation for the three-membrane topology of the
euglenid and dinoflagellate plastids is that one
membrane has been lost. As mentioned previously,
targeting of nuclear-encoded proteins to secondary
plastids occurs via the secretory pathway, including
that of proteins targeted to three-membrane plastids
of euglenids and apparently also dinoflagellates. For
such a targeting system to work in three-membrane
plastids, the outermost membrane would have to be
derived from the phagosomal membrane of the host
cell, which suggests that the plasma membrane of the
endosymbiont was lost in euglenid and dinoflagellate
plastids (Fig. 1d).

In four-membrane plastids, the region between the
second and third membranes, called the periplastid
space, is derived from the cytosol of the primary host
cell (Fig. 1d). In two different algal lineages, this space
retains the most intriguing and compelling evidence
for the process of secondary endosymbiosis: the
remnant nucleus of the endosymbiont. Early
ultrastructural studies of cryptomonads revealed the
presence of a small double-membrane-bound body in

http://tig.trends.com
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Fig. 1. Primary and secondary endosymbiosis. (a,b) Primary
endosymbiosis (a) between heterotrophic eukaryote (red) and
cyanobacterium (green) to form a primary plastid where the primary
host phagosomal membrane has been lost (b). This process was
followed by the diversification of glaucocystophytes, red algae and
green algae (including plants). In red and green algae, the
cyanobacterial peptidoglycan wall has been lost. (c,d) Secondary
endosymbiosis (c) between a second heterotrophic eukaryote (yellow)
and the primary alga (red with green plastid) to form a secondary plastid
(d). This process has resulted in the evolution of many algal groups,
including chlorarachniophytes, euglenids, cryptomonads, heterokonts,
haptophytes, apicomplexa and dinoflagellates. All membranes of
primary and secondary plastids, and their original sources are labeled.
The original sources of cellular compartments resulting from secondary
endosymbiosis are also shown. Abbreviations: EM, endomembrane;
IM, inner membrane; OM, outer membrane.

the periplastid space [15]. A similar structure was
later found in the same cellular compartment of the
chlorarachniophytes [16]. These organelles, dubbed



580 m TRENDS in Genetics Vol.18 No.11 November 2002

Box 3. Tertiary endosymbiosis

Most photosynthetic dinoflagellates contain a three-membrane plastid with the
characteristic pigment peridinin. However, some dinoflagellates have substituted
their peridinin-containing plastids with a new one in a process referred to as tertiary
endosymbiosis. Dinoflagellates are known to have acquired tertiary plastids from
cryptomonads, heterokonts and haptophytes, as well as a second secondary
plastid from a green alga [a,b]. Dinoflagellates are truly the algal experts at plastid
acquisition, raising an intriguing question: has a dinoflagellate ever substituted its
peridinin-containing plastid with another peridinin-containing plastid from an
unrelated dinoflagellate?

References
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‘nucleomorphs’, have since been confirmed to be
bona fide —albeit highly reduced — nuclei. In both
cryptomonads and chlorarachniophytes, the
nucleomorph genome is extremely small (~551 kb and
380 kb, respectively) and the gene sequences encoded
in these genomes are very divergent and AT biased
[17,18]. Interestingly, the two genomes share some
superficial similarities in their organization: both
contain three linear chromosomes with rRNA operons
in all six sub-telomeric regions. Both are compacted
with short intergenic spaces and cryptomonads have
few introns, whereas chlorarachniophytes have many
introns that have been reduced in size [17,18]. The
nucleomorph genome of the cryptomonad Guillardia
theta is now completely sequenced, and one of the most
surprising features of this genome is that only 30 of
the 511 identified genes encode proteins targeted to
the plastid [18]. Most of the genes encoding plastid
proteins have moved from the nucleomorph to the host
nucleus of G. theta, as have all plastid protein-coding
genes in organisms with secondary plastids that lack
nucleomorphs. Why are the vestigial nuclei retained
in cryptomonads and chlorarachniophytes but not
other lineages? It is not certain, but we are observing
either a stage in an ongoing process of reduction or,
perhaps more likely, the endpoint of a process that has
been frozen in these organisms for unknown reasons.
In addition to the relatively well characterized
transfer of genes encoding plastid-targeted proteins,
the integration of both primary and secondary
endosymbionts also appears to promote a second,
less-well-characterized, class of gene transfers. Plant
and algal nuclear genomes contain an unknown
number of cyanobacterium-derived genes whose
protein products are functionally unrelated to the
modern organelle. This phenomenon, called
‘endosymbiotic gene replacement’ [19], has recently
been suggested to extend to secondary endosymbiosis.
Chlorarachniophyte and cryptomonad host nuclear
genomes encode enolase genes that are derived from
nuclear genomes of green and red algae, respectively
[20], although the Chlorarachnion gene is derived
from a type of green alga not typically thought to be
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related to the endosymbiont. It has been suggested
that these genes might have originated in the
degenerating nuclei of the endosymbionts during the
process of genetic integration, potentially revealing a
new effect of secondary endosymbiosis: facilitating
eukaryote-to-eukaryote lateral gene transfer.

How many secondary endosymbioses?

With the realization that secondary-plastid-
containing algae constitute a large proportion of the
diversity of photosynthetic eukaryotes comes an
important question: how often have these mergers
happened? The integration of endosymbiont and host
is an immensely complex series of events that has a
formidable effect on both host and endosymbiont. It
involves massive transfers of DNA between genomes,
the development of a sophisticated protein-targeting
machinery and a substantial reorganization of core
and secondary metabolism. Untangling these events
and understanding their effects on eukaryotic
evolution requires fundamental knowledge of which
algal lineages arose from the same endosymbiotic
partnerships and which arose independently.
However, this question has generated different
estimates depending upon the kind of evidence
considered [2,9,21,22]. Fortunately, a clearer picture
is now emerging from a synthesis of biochemical and
morphological evidence with molecular data.

Green endosymbionts

The deepest and most obvious division among
secondary plastids is between those derived from
green algae and those derived from red algae, a
distinction long recognized from pigmentation. All
photosynthetic eukaryotes (and cyanobacteria) use
chlorophyll a as their main light-harvesting pigment,
but differ in the distribution of various accessory
pigments. Primary plastids of green algae and their
land-plant relatives contain chlorophyll aand b,
whereas red algae and glaucocystophytes contain
chlorophyll a and phycobilin pigments. Plastids of
euglenids and chlorarachniophytes are unique
among secondary plastids in that they have the
characteristic green algal complement of chlorophyll a
and b, suggesting that their plastids might be derived
from green algae. This conclusion is now supported by
awealth of molecular data.

The Euglena plastid genome has been completely
sequenced [23] and, although it contains several
interesting and unique features such as an
abundance of group-11 and group-111 introns, it has
many characteristics of a green-algal plastid genome,
and many phylogenetic trees of plastid genes support
this conclusion. In the case of Chlorarachnion,
molecular phylogenetic data from both plastid and
nucleomorph genomes also support a green-algal
origin for the endosymbiont, although many
nucleomorph genes are so divergent that their green
roots were originally difficult to discern [24—-26].
Although it has been suggested that euglenid 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.

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 aandc,
whereas cryptomonads also contain phycobilins.
Among eukaryotes, chlorophyll ¢ is unique to these
algae [although chlorophyll-c-like pigments have been
found in afew other isolated cases (e.g. Ref. [38])],
suggesting that all organisms with this chlorophyll
might be directly related. Indeed, several biochemical
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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, acommon
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
amonophyletic group consisting of haptophytes,
heterokonts and cryptomonads (D. Bhattacharya,
pers. commun.), tipping the scales decidedly in favor of
asingle 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], itimmediately sparked a heated debate about
whether apicomplexan and dinoflagellate plastids
share acommon 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
amethodological artifact [36]. Nevertheless, the
simplest interpretation is that apicomplexan and
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Fig. 3. Ascheme for the origin and evolution of all plastids by primary and secondary endosymbiosis.

A single primary endosymbiosis between an unknown heterotrophic eukaryote (gray) and a
cyanobacterium led to the three primary-plastid-bearing lineages (top). Two secondary
endosymbiotic events involving two different green algae and unrelated hosts led to euglenids (blue)
and chlorarachniophytes (yellow). A single endosymbiosis between a red alga and a heterotrophic
host led to all remaining eukaryotic algae (purple). Loss of photosynthesis is pervasive in several of
these lineages and, in the ciliates, the entire lineage is non-photosynthetic. In these lineages it is not
known whether plastids have been lost or whether cryptic plastids persist.

dinoflagellate plastids are the product of a single
secondary endosymbiosis with a red alga.

This tentative conclusion has now been
significantly bolstered by the analysis of a nuclear-
encoded, plastid-targeted protein. Photosynthetic
eukaryotes have two different nuclear-encoded forms
of the metabolic enzyme glyceraldehyde-3-phosphate
dehydrogenase (GAPDH), one cytosolic and the other
plastid-targeted. The primary plastid-targeted
homolog in red and green algae is, as expected,
related to cyanobacterial GAPDH (as is the plastid
GAPDH in euglenids). By contrast, the secondary-
plastid-targeted GAPDH sequences in apicomplexa,
dinoflagellates, heterokonts and cryptomonads have
been found to be derived specifically from eukaryotic
cytosolic GAPDH homologs, not from cyanobacterial
homologs [37]. One interesting exception to this has
been found: a single dinoflagellate has been shown to

http://tig.trends.com

have a cyanobacterial-like plastid GAPDH, closely
related to that of Euglena [50]. How this gene ended
up in this dinoflagellate is not known but, in general,
it appears that the cyanobacterial plastid-targeted
GAPDH gene from the endosymbiotic red-algal
nucleus was not transferred to the secondary-host
nucleus during the integration of the endosymbiont.
Instead, the secondary host'’s cytosolic GAPDH gene
duplicated and acquired a plastid-targeting leader,
and its protein product took over the role of the
cyanobacterial enzyme in the plastid [37].

As mentioned previously, endosymbiotic gene
replacements such as this have been well
characterized [19] but they are not very common. In
addition, the plastid-targeted GAPDH genes from
apicomplexa, dinoflagellates, heterokonts and
cryptomonads all form an extremely well-supported
cluster in GAPDH phylogeny and are weakly related
to the cytosolic GAPDHSs from these same organisms
(plus ciliates, and with the exception of the
cryptomonads), as one would expect if this gene
replacement occurred in the common ancestor of
apicomplexa, dinoflagellates and heterokonts, and
probably also of cryptomonads [37].

Further evidence supporting this conclusion is
accumulating from molecular phylogenies of the
hosts. As mentioned previously, apicomplexa,
dinoflagellates and ciliates are together known as
alveolates. Now, a specific relationship between
alveolates and heterokonts is supported by analyses
of nuclear rRNA [32,51] and various protein-coding
genes, individually and in combination [5]. Although
this does not account for cryptomonads and
haptophytes (for which we have very little molecular
information), it should be stressed that there is no
evidence that they are not related to this emerging
group. Weak phylogenies that do not associate groups
of organisms are by no means equivalent to
demonstrating that they are in fact unrelated.
Indeed, all of the current evidence seems to indicate
that these lineages form a single supergroup, which
has been hypothesized previously, and dubbed the
chromalveolates [9]. From this single, ancient
endosymbiosis stemmed a large portion of eukaryotic
biodiversity. The full diversity of eukaryotic algae can
accordingly be explained by four endosymbiotic
events (Fig. 3): asingle primary endosymbiosis and
three secondary endosymbioses, one involving a red
alga and two involving different green algae.

Cryptomonads: the fly in the ointment or the key to

the puzzle?

Although available data suggest a single origin of
chromalveolate plastids, the cryptomonads are the
weakest link in the chain of evidence. Cryptomonads
are least often seen to group with other
chromalveolates in molecular trees (e.g. Refs [37,41]).
Furthermore, the proposed endosymbiotic replacement
of the cryptomonad enolase gene has not affected
alveolates [20]. This could be an indication that this
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