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Photosynthetic eukaryotes unite:
endosymbiosis connects the dots

Debashish Bhattacharya,* Hwan Su Yoon, and Jeremiah D. Hackett

Summary

The photosynthetic organelle of algae and plants (the
plastid) traces its origin to a primary endosymbiotic
event in which a previously non-photosynthetic protist
engulfed and enslaved a cyanobacterium. This eukaryote
then gave rise to the red, green and glaucophyte algae.
However, many algal lineages, such as the chlorophyll
c-containing chromists, have a more complicated evolu-
tionary history involving a secondary endosymbiotic
event, in which a protist engulfed an existing eukaryotic
alga (in this case, a red alga). Chromists such as diatoms
and kelps then rose to great importance in aquatic
habitats. Another algal group, the dinoflagellates, has
undergone tertiary (engulfment of a secondary plastid)
and even quaternary endosymbioses. In this review, we
examine algal diversity and show endosymbiosis to be a
major force in algal evolution. This area of research has
advanced rapidly and long-standing issues such as the
chromalveolate hypothesis and the extent of endosym-
biotic gene transfer have recently been clarified.
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Introduction
Accounting for the remarkable diversity of photosynthetic
protists (algae) remains an important challenge in evolutionary
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biology. The photosynthetic organelle, termed the plastid, is
found in forms as diverse as microscopic diatoms, giant kelps,
toxic dinoflagellates, edible red algae, and land plants (see
Table 1). A critical question is whether all photosynthetic forms
are united on a single branch of the tree of life or whether
plastids have been spread throughout the tree through
multiple independent lateral transfers. If the latter, then how
many lateral transfers are needed to explain extant algal
lineages? Answers to these questions have been rapidly
accumulating recently and they provide surprising insights into
the course of eukaryotic evolution.

It has now been clearly documented that plastids originate
through endosymbiosis,!"=® whereby a single-celled protist
engulfs and retains a foreign photosynthetic cell (see Fig. 1).
Over time, the foreign cell is reduced to a plastid and is
vertically transmitted to subsequent generations. Endosym-
biosis comes in three major types, primary, secondary and
tertiary endosymbiosis. The first results from the engulfment of
a photosynthetic prokaryote (cyanobacterium, Fig. 1A) and
gives rise to a plastid bound by two membranes (the inner,
1st, and outer, 2nd, membranes of the cyanobacterium, see
Ref. 7). The outer, phagosomal membrane of this primary
“host” cell is lost. Primary endosymbiosis is believed to have
occurred once in evolution, giving rise to the proto-alga that is
the ultimate root of all plastids.”” The plastid became fully
established in the proto-algal population and many genes of
both photosynthetic and non-photosynthetic function were
transferred to the nucleus of the primary host. The remarkable
achievement of these cells was to engineer a way of reintro-
ducing all the plastid proteins, whose genes were transferred
to the nucleus and translated in the cytoplasm, back into
the plastid compartment to express their function. The esta-
blishment of this protein import system after primary endo-
symbiosis required the evolution of a “transit” sequence
(about 24—100 amino acids in length)® at their N termini. This
extra sequence probably originated through mutations that
extended the original open reading frame at the 5’ terminus,
and the encoded proteins were selected for because of their
targeting capacity. Once the sequences encoding these
transit peptides were established in a few genes, then they
may have spread through exon shuffling into other photosyn-
thetic genes.®19 It appears that, once these unlikely events
had occurred and the first algal populations were established,
the path was paved for the rise of photosynthetic eukaryotes.
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Table 1. Alist of the different types of algae and related protists, their classification, and key characteristics with
an emphasis on plastid features*

Plastid
Well - Known Tree of Life
Algal group # Species Origin Representatives Distinctive Features Classification
Red algae 5000-6000  Primary - CB Porphyra, Gracilaria, Lack of flagellate stages, widely cultivated, used Plantae
(Rhodophyta) nori to make sushi, and source of agar and
carrageenan. (http://www.ucmp.berkeley.edu/
protista/rhodophyta.html)
Green algae/land plants >500,000 Primary - CB Chlamydomonas, The green algae are common in intertidal regions Plantae
(Viridiplantae) flowering plants and are the sister to land plants that are
dominant in the terrestrial ecosystem. (http://
www.ucmp.berkeley.edu/
greenalgae/greenalgae.html)
Glaucophytes 13 Primary - CB Cyanophora A small group of algae best known for their Plantae
(Glaucocystophyceae) primary plastid (cyanelle) that retains the
ancestral peptidiglycan wall of cyanobacterial
origin between its two plastid membranes.
(http://protist.i.hosei.ac.jp/taxonomy/Others/
Glaucophyta.html)
Cryptophytes 200 Secondary - RA Guillardia Cold water-loving algae that retain the Chromista
(Cryptophyta) nucleomorph of the red algal secondary
endosymbiont. (http://www.uni-koeln.de/
math-nat-fak/botanik/bot1/Phylogenie-
Webseite/cryptophyta.html)
Haptophytes 500 Secondary - RA Emiliania, Bloom-forming algae that can form coccolith Chromista
(Haptophyceae) coccolithophore scales that are a global carbon sink in oceans.
(http://www.soes.soton.ac.uk/staff/tt/)
Stramenopiles >10,000 Secondary - RA Kelps, diatoms, A diverse group of both unicellular and Chromista
water molds, macroscopic protists that includes plastid-
downy mildews, containing (often called chromophyte algae)
late blight of potato and plastid-less forms (oomycetes) that have
presumably lost the organelle. (http://
www.ucmp.berkeley.edu/chromista/
chromista.html)
Dinoflagellates >4,000 Secondary - RA Alexandrium, Predominantly unicellular algae that are often Alveolata
(Dinophyceae) Tertiary - HA* Karenia, mixotrophic and contain a diversity of different
Pfiesteria, red tide plastids. They cause harmful algal blooms
such as toxic red tides and are
a serious health threat (e.g., paralytic and
diarrhetic shellfish poisoning) in coastal
waters. (http://www.ucmp.berkeley.edu/
protista/dinoflagellata.html)
Apicomplexans >2,400 Secondary - RA* Plasmodium, Non-photosynthetic, obligate intracellular Alveolata
(Apicomplexa) Toxoplasma, parasites that are causes of serious human
Cryptosporidium diseases such as malaria and toxoplasmosis.
Their remnant plastid (apicoplast) contains
a reduced (35 kb) genome. (http://www.ucmp.
berkeley.edu/protista/apicomplexa.html)
Ciliates (Ciliophora) >7,500 Loss Paramecium, Plastid-less protists whose cell bodies are Alveolata
Tetrahymena covered with cilia, often fused together in rows
or tufts called cirri. The ciliate nucleus is
differentiated into macro- and micronuclei.
(http://www.ucmp.berkeley.edu/protista/
ciliata.html)
Chlorarachniophytes 6 Secondary - GA Chlorarachnion Unicellular marine amoebae containing a green Cercozoa

(Chlorarachniophyceae)

plastid. The plastid retains the remnant
nucleus (nucleomorph) of the green algal
secondary endosymbiont.
(http://tolweb.org/tree?group=
Chlorarachniophytes&contgroup=
The_Other_Protists)
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Table 1. (Continued)

Plastid
Well - Known Tree of Life
Algal group # Species Origin Mem. Representatives Distinctive Features Classification
Euglenids >800 Secondary - GA 3 Euglena, Astasia Algae that are common in organic-rich Euglenozoa
(Euglenida) freshwater habitats. They contain a green

plastid of secondary endosymbiotic origin and
are known for their distinctive flowing
movement (metaboly) and cell surface
(pellicle). Euglenids are closely related to the
parasitic trypanosomes. (http://bio.rutgers.
edu/euglena/)

*Mem. is for the number of membranes surrounding plastids, CB is cyanobacterium, RAis red alga, GA is green alga, and HA is haptophyte alga. The taxonomic
classification of the algal groups follows NCBI (http://www.ncbi.nlm.nih.gov/), whereas the Tree of Life classifications indicates their position in the eukaryotic
tree and follows different authors (see text for details) - the groups shown in bold are the chromalveolates and share a single red algal secondary endosymbiont,
whereas the underlined groups may share a single green algal endosymbiont and are termed cabozoans. The asterisks indicate cases of possible plastid

replacements. The web sites are good sources for additional information and/or images of the different algae.

Recent phylogenetic analyses using nuclear and mitochon-
drial loci"'='® suggest that the proto-alga split into two
lineages. The first contains the glaucophyte algae, which failed
to rise to any great taxonomic importance,'*'% whereas the
second gave rise to the highly successful red algae!'® and
their sister group the green algae” plus land plants.('®
These three lineages are classified as the Plantae (see
Table 1). Endosymbiosis left a sizeable mark on the Plantae
that goes well beyond the lateral transfer of photosynthetic
capacity. A recent analysis('® of the complete Arabidopsis
nuclear genome suggests that up to 18% of this plant’s genes,
many of non-photosynthetic function (e.g., disease resistance,
intracellular protein routing), originated from the cyanobacter-
ium through endosymbiotic gene transfer. Endosymbiosis
had, therefore, a considerable influence in the early evolution
of algae by significantly enriching their nuclear genomes with
cyanobacterial, often duplicated genes. Selection could act
on these divergent sequences to explore new functions('®19
or to replace existing host genes with those from the
endosymbiont.2%-2")

Secondary endosymbiosis and

the rise of algae

Once the Plantae had been established (Fig. 1A), the stage
was set for secondary endosymbiosis, whereby a protist
engulfed an existing alga (Fig. 1B).?>2® This type of
eukaryote—eukaryote endosymbiosis explains the vast ma-
jority of algal diversity. Secondary plastids are found in algae
containing chlorophyll ¢ (chromophytic algae)(z“) and non-
green algal/plant forms containing chlorophyll b (euglenids
and chlorarachniophytes), and are unambiguously identified
by the presence of three or four bounding membranes

(Table 1). The extra membranes, from inside out, are thought
to be the plasma membrane of the engulfed alga (3rd) and the
phagosomal membrane of the host cell of the secondary
plastid (4th).® The 4th membrane has presumably been lost
in some groups (e.g., euglenids and most dinoflagellates, see
below) and two retain a smoking gun of eukaryotic enslave-
ment, the remnant nucleus of the algal symbiont. This reduced
genome, the nucleomorph, is found between the 2nd and 3rd
plastid membranes in the periplastid space (the former
cytoplasm of the algal endosymbiont) and has been se-
quenced in a cryptophyte and a chlorarachniophyte (see
Fig. 1B). Phylogenies using nucleomorph genes reveal the
identity of the algal symbiont (red in cryptophytes and green
in chlorarachniophytes).?728) |nterestingly, both reduced
genomes have converged on a similar size (551 kb for
cryptophytes, 380 kb for chlorarachniophytes), set of retained
genes, and a compact organization. @°-3%

A final important marker of secondary endosymbiosis
is the presence of an extended N terminus in nuclear-
encoded plastid proteins that encodes a bipartite targeting
sequence. The first extension is a signal sequence that
leads the plastid-bound proteins to the secretory pathway
via the endoplasmic reticulum-derived outer membrane of
these plastids, whereas the second sequence is the typical
transit peptide used to cross the inner two plastid mem-
branes.®2% Therefore, like primary endosymbiosis, second-
ary endosymbiosis also required at least one significant
evolutionary innovation to make the process work: the
independent origin of a signal sequence that is N-terminal
of the existing transit peptide for each nuclear-encoded
plastid protein to ensure correct passage across the three to
four membranes.
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Figure 1. Origins of plastids via Az primary, B:
secondary, and C: tertiary endosymbiosis. Gene
transfer from the endosymbiont to the host nucleus
is shown with the arrows and the colored chro-
mosomes. The mitochondrion has been omitted
from these figures. The remnant algal nucleus
(nucleomorph) in secondary and tertiary endosym-
bioses is shown. This genome has been lost in all
algae but the cryptophytes (member of the
chromalveolates) and chlorarachniophytes
(marked with asterisks).

The secondary plastids in brief

The chromalveolate hypothesis
The chromalveolates group was postulated primarily on the
basis of molecular phylogenetic analyses that unite particular
members of these morphologically disparate lineages,®?
and the hypothesis that all taxa containing chlorophyll ¢
(i.e., a chromophytic plastid)®®3% share a common origin.
The alveolates share two characters that unambiguously
unite them as a lineage, namely tubular mitochondrial cristae
and sacs or alveoli under the plasma membrane. The
ecologically and economically important chromalveolates
(see Table 1) defines a broadly diverse group that includes
the Chromista, comprising the cryptophyte,®® haptophyte,®”)
and stramenopile!’® algae, and the Alveolata, comprising
the parasitic apicomplexans,®® the plastid-less ciliates,®®
and the dinoflagellate algae.“®) The chromalveolate plastid
is believed to have originated from a red algal secondary
endosymbiosis with the ensuing evolution of chlorophyll c.
The plastid was putatively lost in ciliates and parasitic/
saprobic stramenopiles like oomycetes (e.g., the water mold
Achlya) and its genome reduced to a 35 kb DNA circle in the
apicomplexan plastid (the apicoplast).'**? Evidence in
support of these ideas has been slow in coming but recent
data now appear to have established the chromalveolates as a
monophyletic entity.“24%)

Phylogenies of nuclear genes have until now, however,
only provided marginal support for the chromalveolate

hypothesis. Analysis of small subunit rRNA®*# and a combined
data set of EF-1q, actin, a-tubulin, and B-tubulin amino acid
sequences (that did not include haptophytes)“®) are consis-
tent with a sister group relationship between two chromalveo-
late groups, the stramenopiles and alveolates. The limited
taxon sampling and phylogenetic power of these data sets are
a weakness that needs to be addressed in future studies. In
contrast, strong support for chromalveolate monophyly has
come from analyses of plastid genes® and from the finding
of a unique gene duplication shared by members of this
assemblage.“?

We have recently analyzed a concatenated data set of five
plastid-encoded genes (5827 nt in total) from 36 taxonomically
diverse members of the red and chromist algae. In this study,
we addressed one cornerstone of the chromalveolate hypoth-
esis that had not yet been adequately tested using multiple
nuclear loci, the monophyly of the Chromista (see Table 1).%)
This group previously had little justification on morphologi-
cal® or phylogenetic grounds (nuclear and mitochondrial loci
do not resolve their positions)“*'® for being united in a single
lineage. They primarily share a four-membrane-bound chlor-
ophyll c-containing plastid that is located within the lumen of
the rough endoplasmic reticulum. The haptophytes and
stramenopiles, however, share characters such as tubular
mitochondrial cristae, similar storage products, and fucox-
anthin that suggest a specific relationship between these
taxa.®” The combined plastid gene tree (Fig. 2) appears to
have settled the issue of chromist monophyly by providing
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Figure 2. Phylogenetic relationships of red algal and
chromist plastids inferred from a minimum evolution (ME)
analysis of the combined DNA sequences of 16S rRNA,
psaA, psbA, rbcl, and tufA (5827 nt). The general time
reversible model”® with estimations of nucleotide fre-
quencies, the proportion of invariant sites that are unable
to accept substitutions, and the shape parameter of
the gamma distribution to accommodate rate variations
across sites (GTR+ 1+ T [gtr] model) was used in this
analysis. Results of a ME-gtr bootstrap analysis (2000
replicates) are shown above the branches. The thick
branches are of significant evolutionary importance and
all have >95% posterior probability in a Bayesian analysis
of the DNA data (for details, see Yoon et al.).*® This
tree is rooted on the branch leading to the glauco-
phyte sequence. The branch lengths are proportional to
the number of substitutions per site (see scale in figure).
The asterisk marks the branch where the chromist plastid
originated through a red algal secondary endosymbiosis
(ca. 1260 Ma).“*?

elIsiwoly)

strong support for three important ideas: (1) as previously
suggested,® the chromist plastids are all of red algal origin,
(2) chromist plastids share a monophyletic origin and, by
extension, so do the host cells containing these plastids, and
(8) the basal position of the cryptophytes in the Chromista
suggests that retention of the red algal nucleomorph in the
periplastid space, the presence of phycobilin pigments, and
the storage of photosynthates as starch (all are absent in
haptophytes and stramenopiles) are ancestral endosymbiont
characters that were likely lost after the divergence of the
cryptophytes (see character evolution model in Fig. 3).
Furthermore, in contrast to the haptophytes and strame-
nopiles that have tubular mitochondrial cristae, the crypto-
phytes have flattened cristae, suggesting that this was the
ancestral condition in the Chromista. The alveolates, however,
contain tubular cristae and are presumably sister to the chro-
mists (Fig. 3). If flattened cristae was ancestral in the
chromalveolates, then this character was lost twice, once in
the common ancestor of alveolates and once after the
divergence of the cryptophytes in the Chromista (see Fig. 3).
A more parsimonious explanation for the cristae data would
emerge if the cryptophytes were to branch at the base of the
chromalveolates and the chromists would become paraphy-
letic. Analysis of an endosymbiotic replacement involving the

enolase gene in cryptophytes is consistent with this idea.®®
Verification of the early divergence of the cryptophytes will
have to wait, however, until alveolate plastid sequences are
included in the analysis shown in Fig. 2. This analysis could
have two likely outcomes: (1) alveolate photosynthetic genes
of red algal origin diverge from the branch uniting all chromists
(as expected = 2 losses of flattened cristae, or (2) they diverge
on the branch uniting the haptophytes and stramenopiles (=1
loss). Such target genes are most likely to be found in the
nucleus of dinoflagellates because the non-photosynthetic
apicomplexans and ciliates may not have maintained these
coding regions.

Another important result from the Yoon et al.*® study was
the dating of the chromist secondary endosymbiotic event.
Usage of two red algal fossil constraint dates and a molecular
clock method that does not assume a uniform mutation rate in
different lineages suggests that the earliest date (asterisk in
Fig. 2) for the origin of the chromist plastid is 1260 + 30 million
years ago (Ma).“® The endosymbiosis marks, therefore, the
birth of the chromist algae. This date is substantially earlier
than some estimates (e.g., 850 Ma)®" but agrees well with the
fossil record, which shows the appearance of a diversity of
algae and protists near the Mesoproterozoic/Neoproterozoic
boundary about 1000 Ma.®*”*® A recent analysis of the
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Figure 3. Proposed evolutionary tree of the chromalveolates showing the origin and loss of important (mostly plastid) characters. The
evidence for chromist plastid monophyly is described in Yoon et al.“® The timing of the tertiary endosymbiosis that gave rise to the
haptophyte-type plastid in either the pre-dinoflagellate®®®® or only in fucoxanthin-containing taxa‘®® remains an open question (large filled
circle with a cross). The possible green algal endosymbiosis in the common ancestor of apicomplexans and dinoflagellates (large open
) Kohler et al.,”® and our preliminary results (see text for details). Gain or loss of character
states is shown with the slashes across the branches. The branches with broken lines at the origin represent uncertainty about the position of
these taxainthe hosttree, whereas the smallfilled circles with dashes or the wavy line inside represent plastid loss and plastid degeneration,

Earth’s geochemical record, in particular with respect to
the levels of the oxygen and nitrogen that are critical to algal
growth, is consistent with the known eukaryotic fossil
record®® and our molecular dating results. Furthermore, a
subsequent analysis (H.S.Y., J.D.H., and D.B. unpublished
data) using a six plastid gene data set that includes green
algae and land plants to incorporate additional robust fossil
constraints in the gene phylogeny (e.g., origin of land plants
and the monocot—dicot split) substantiates the findings of
Yoon et al.“®)

Now that Chromista monophyly appears to be established,
what evidence is there to include them in the chromalveolates?
The strongest evidence comes from phylogenetic analyses
that show a specific phylogenetic relationship between the
nuclear-encoded plastid-targeted glyceraldehyde-3-phos-
phate dehydrogenase (GAPDH) gene in the cryptophytes
and stramenopiles (chromists) on one hand and the apicom-
plexans and dinoflagellates (alveolates) on the other.*?
Importantly, this gene appears to have originated through a
unique duplication of the existing cytosolic gene in these taxa,
and the subsequent replacement of the original plastid-
targeted sequence (of cyanobacterial origin) by the gene dup-
licate. This unusual shared derived character unites the
studied chromalveolates and, as corroboration, the phyloge-
nies show the plastid-targeted genes to be phylogenetically
distinct from the homolog of cyanobacterial origin in non-

chromalveolates such as green algae/land plants and red
algae. These latter taxa have not undergone the gene
duplication—replacement event.*?) These findings all point
to a critical event in evolution, a single red algal secondary
endosymbiosis that gave birth to common ancestor of a super-
assemblage, the chromalveolates. The endosymbiotic eventis
ancient (ca. 1200 Ma) and the host cell of the secondary plastid
has diverged extensively during this long period of evolution.
It is a testimony to the power of modern molecular evolu-
tionary methods and the slow evolutionary rate of many plastid
genes that we are able to look back so far in evolutionary time
and still detect the signal of shared ancestry (see Fig. 2).

The major insights into eukaryotic evolution that come from
the finding of chromalveolate monophyly are:

e secondary plastid loss is common (e.g., in plastid-less
stramenopiles such as oomycetes, in ciliates, and in some
dinoflagellates).“2%% In support of this idea, Andersson
and Roger®") have recently found a 6-phosphogluconate
dehydrogenase (gnd) gene of cyanobacterial (i.e., plastid)
origin in the parasitic stramenopile, Phytophthora infes-
fans. This suggests that Phytophthora was likely once
photosynthetic because its gnd gene is closely related to
the homologue in photosynthetic members of this lineage.

e Chromalveolates share a homologous plastid protein
import system that evolved once in their common ancestor.
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e Chlorophyll ¢, appears to have evolved only once in the
common ancestor of the chromalveolates. Phylogenetic
analysis of chlorophyll a/b and chlorophyll a/clight harvest-
ing complex proteins supports this idea showing that the
chlorophyll a/c-binding proteins in chromists (and dino-
flagellates) form a monophyletic group that traces its origin
to a red algal-like ancestor.®

Given these impressive data, one may be led to believe that
the story of chromalveolate evolution has been convincingly
solved. This is not, however, entirely the case as the section
on dinoflagellates below will explain. But first, we will review
current knowledge about the secondary plastids of green algal
origin.

The green secondary plastids

Secondary endosymbiosis also gave rise to the chlorophyll
b-containing plant-like plastid in distinctly non-plant-like taxa,
the euglenids®? and the chlorarachniophytes. The Euglenida
are sister to the Kinetoplastida (which includes the parasitic
trypanosomatids), and together form the Euglenozoa. The
presence of a three-membrane green plastid in photosynthetic
euglenids and the absence of a plastid in the trypanosomes
had previously suggested that the algal secondary endosym-
biosis occurred at the base of the euglenid lineage and that
trypanosomatids ancestrally lacked a plastid. The remarkable
finding of plant-like genes in trypanosomatids now suggest,
however, that all Euglenozoa may have at one time been
photosynthetic and that kinetoplastids lost their photosynthe-
tic organelle secondarily.®® The footprint of the secondary
endosymbiosis in the trypanosomatids is metabolic enzymes
localized in specialized peroxisomes (glycosomes [not derived
from plastids]) that trace their origin to the green alga through
endosymbiotic gene transfer. This story underlines the
surprising ancestral distribution of photosynthesis in eukar-
yotes and suggests that plastids may have been more
widespread than we imagine. The distribution of these
organelles has been decimated by secondary losses due
often to the evolution of a parasitic or saprobic life-style (i.e.,
trypanosomatids were presumably once free-living algae),®*
a theme that was repeated in the chromalveolates.

The second group of non-green algal protists that contain
chlorophyll b is the chlorarachniophytes. These are amoebo-
flagellate members of the protist assemblage Cercozoa®®
that includes euglyphids, formanifera, and plasmodiophorid
plant pathogens.®®6=58) This broad array of protists contains
two photosynthetic groups, the chlorarachniophytes with
their chlorophyll b-containing secondary plastid and the filose
amoeba, Paulinella chromatophora, with its cyanelle that
superficially resembles the plastids of glaucophytes.®%6%
Whereas the origin of the Paulinella cyanelle still needs to be
resolved, the phylogenetic evidence based on plastid and

nucleomorph sequences has established the green algal
origin of the secondary plastid in chlorarachniophytes.®”:2®
A recent analysis of cDNAs from the chloroarachniophyte
Bigelowiella natans indicates that a large number of plastid
genes in this species were transferred from the green algal
endosymbiont to the host nucleus. More remarkably, about
21% of the photosynthetic genes were derived from lateral
transfers involving non-green sources such as red or strame-
nopile algae.®” These results underline the importance
of endosymbiosis to facilitating intergenome gene transfer
and suggest that mixotrophic species such as Bigelowiella
(and dinoflagellates, see below) may be particularly adept at
scavenging genes from different prey. In contrast, taxa such as
the green alga Chlamydomonas reinhardtii, which is auto-
trophic and for which the complete nuclear genome is known,
do not show evidence of lateral transfer of photosynthetic
genes from different sources (i.e., all are derived from the
original cyanobacterial primary endosymbiont).®"

What still remains to be determined with regard to green
algal secondary plastids is whether chlorarachniophytes and
euglenids share the same green algal endosymbiont in a
common ancestor. The available nuclear and plastid gene
data do not support this hypothesis,©2=64 although the high
divergence rate and base composition bias of chlorarachnio-
phyte and euglenid sequences leaves open the possibility of
Cercozoa—Euglenozoa monophyly (together the Cabozoa
[Table 1]).%® If true, this latter scenario would reduce the
number of secondary endosymbioses involving a chlorophyll
b-containing endosymbiont to one, render secondary plastid
loss a widespread force in eukaryotic evolution, and place
algae near the root of much of the tree of life.

The dinoflagellates and

their tertiary endosymbioses

As if the genomic gymnastics described above were not
enough, nature has devised yet another way of distributing
plastids among eukaryotes, tertiary endosymbiosis. This pro-
cess entails the engulfment of an alga with a secondary plastid
(Fig. 1C). Tertiary endosymbiosis has, until now, been limited
to the dinoflagellates and, in this group, involves the replace-
ment of the existing red algal secondary plastid (shared with
the chromists)®%¢4=%6) with another of secondary origin (so-
called tertiary plastid replacement). The putative ancestral
(and most common) plastid in this group is bound by three
membranes, contains chlorophyll ¢; and the unique accessory
pigment peridinin as the main carotenoid. The peridinin plastid
does not, however, contain a typical genome because its
genes have been reduced to single- or two-gene minicir-
cles.®67:88) Until now, only 15 plastid protein genes have
been found in peridinin dinoflagellates, leaving in question the
location of the sequences that encode the remaining
components of the photosynthetic apparatus. Although it has
been presumed that the minicircle genes trace their origin to
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the red algal secondary endosymbiosis in the chromalveol-
ate ancestor(®® it is also possible that these sequences may
have multiple origins from different endosymbiotic events
(see below).

Given the ancestral origin of the red algal secondary
plastid in dinoflagellates, tertiary replacement has been used
to explain the plastid in taxa such as Karenia spp. and
Karlodinium micrum that contain chlorophylls ¢; + ¢, and 19'-
hexanoyloxy-fucoxanthin and/or 19’-butanoyloxy-fucoxanthin
but lack peridinin, similar to the haptophyte algae.®®:%®
Tertiary endosymbiosis also would account for plastid origin
in other dinoflagellates such as Dinophysis spp. (cryptophyte
origin),”® Peridinium foliaceum (stramenopile origin),”" and
Lepidodinium viride (green algal origin).® Give these
complex series of events, understanding the impact of
endosymbiosis on dinoflagellate evolution will require a
genomics approach. In this regard, we are currently generat-
ing a data set of up to 10,000 unique 3’ reads from normalized
and subtracted cDNA libraries of the toxic dinoflagellate
Alexandrium tamarense. These data will help us quantify the
genomic contribution of multiple endosymbioses to dinofla-
gellate evolution and, as we and others™ predict, likely

identify the missing dinoflagellate plastid genes as compo-
nents of the Alexandrium nuclear genome. Preliminary data
from the Alexandrium cDNA data set have in fact confirmed the
presence of many plastid genes in the nucleus of this dino-
flagellate (J.D.H., H.S.Y., and D.B. unpublished results).

Conclusions

Endosymbiosis has created a plethora of photosynthetic
eukaryotes that have significantly shaped the Earth’s history.
The known fossil record and our molecular dating analysis
suggest that photosynthetic eukaryotes have been around for
well over a billion years. The super-assemblage, chromalveo-
lates, appears to be a monophyletic group and the ancient red
algal secondary endosymbiosis that we have recently de-
scribed“® and the GAPDH duplication found by Fast et al.*?
unite them as a cohesive lineage. The analysis of multi-gene
nuclear and mitochondrial data sets that accommodate a
broad taxonomic sampling should verify this hypothesis in the
coming years.” The present state of knowledge regarding
plastid and host relationships among algae is summarized in
Fig. 4. The plastid sequence data have significantly added to
our understanding of the algal tree of life both within lineages
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Figure 4. Present understanding of the phylogenetic relationships of algae. The host relationships that have resulted from analyses of
nuclear or mitochondrial loci are shown with the black line. The branches with broken lines represent uncertainty about the position of these
taxainthe host tree. Phylogenetic relationships inferred from plastid gene comparisons are shown with the colored lines: red for the red algal
secondary endosymbiosis in chromalveolates, green for the putative green algal secondary endosymbiosis in cabozoans, and blue for the
haptophyte tertiary replacement either in the dinoflagellate common ancestor or only in fucoxanthin-containing taxa. Cabozoan monophyly
has not been substantiated with molecular phylogenetic data therefore the line leading from the Euglenozoa to the chlorarachniophytes is
dashed. Cases of potential gene transfer from green algae in the common ancestor of apicomplexans and dinoflagellates are not shown in
this figure. Plastid loss in the ciliates is shown with the open red box and plastid degeneration in the apicomplexans is shown with the dashed
red line. CB denotes the primary endosymbiosis that gave rise to the proto-algal ancestor of the red, green, and glaucophyte algae.
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and through the union of groups such as the Chromista that
had yet to be proven using other loci.

Perhaps most exciting is the mounting evidence®'”® for
a green algal influence in the alveolates. Kohler et al.”®
originally suggested a green algal origin of the apicoplast
based on phylogenetic analyses of the highly divergent fufA
gene. This relatively weakly supported result was recently
buttressed by the findings of Funes et al.®" who identified a
unique nuclear-encoded cox2 (mitochondrial cytochrome ¢
oxidase subunit Il gene) in apicomplexans and in some
green algae that is splitinto two coding regions (cox2a, cox2b).
Phylogenetic analysis supports the monophyly of the COX-
IIA + COXIIB sequence in greens and apicomplexans, imply-
ing a single origin of these split genes in a green alga, and its
lateral transfer into the apicomplexans presumably after
endosymbiosis.®'®¥ Funes et al.”® and Waller et al.””” have
recently provided differing interpretations of the COXIl data
and its support for a green algal endosymbiosis in the
apicomplexans. Interestingly, analysis of our initial Alexan-
drium cDNA set shows the presence of multiple green algal
genes in this taxon that is sister to apicomplexans (J.D.H.,
H.S.Y., and D.B. unpublished results), supporting the findings
of Funes et al.?""® |n our estimation, these exciting results
are either due to multiple gene transfers from different green
algae or a “hidden” green algal endosymbiosis that occurred
at least in the common ancestor of apicomplexans and
dinoflagellates. Addition of other completed genome se-
quences (e.g., Plasmodium falciparum)’® to the analyses
should provide the data to test this idea. We also predict that
genomics projects will, in the near future, turn up other
examples of gene transfer in chromalveolates and in other
protists that have had a photosynthetic ancestry. Groups that
contain, or at one time contained, a secondary or tertiary
plastid will likely encode nuclear genes that have arisen
through lateral gene transfer from the eukaryotic endosym-
biont(s), much like the case found for the genes of cyanobac-
terial origin in Arabidopsis.(19)

These events may best be interpreted under the “Russian
Doll Paradigm” in which each round of endosymbiosis leads to
large-scale gene transfer that significantly reshapes the
nuclear genome of the host. This process, schematically
portrayed in the nuclear chromosomes shown in Fig. 1, is akin
to nested Russian dolls and is predicted to be a driving force in
generating eukaryotic biodiversity by providing a major influx
of novel genes into protistan genomes.
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