Chapter 2
Plastid Origins

John M. Archibald

2.1 Modern-Day Plastids and Their Genomes

The evolution of oxygenic photosynthesis in the ancestors of present-day
cyanobacteria transformed the biosphere of our planet (Blankenship 1994; Reyes-
Prieto et al. 2007). This landmark event was also an essential prerequisite for the
evolution of photosynthetic eukaryotes. Plastids, or chloroplasts, are the light-
gathering organelles of algae and plants whose origin can be traced back to
cyanobacteria. Mereschkowsky (1905) is usually credited as being the first biologist
to speculate on the possible evolutionary significance of similarities between
cyanobacteria and plastids, and in the era of molecular biology and genomics, the
evidence that plastids are derived from once free-living prokaryotes is now beyond
refute. Modern-day plastids and the eukaryotes that harbor them are remarkably
diverse in their morphology and biochemistry, but are nevertheless sufficiently
similar to one another in their core features to be able to infer common ancestry.
These include similarities in their plastid light-harvesting apparatus, the existence
of protein import machinery with many cyanobacterial features, and an organellar
genome of demonstrable cyanobacterial ancestry (Kim and Archibald 2009).

This chapter provides an overview of the origin and diversification of plastids
across the eukaryotic tree of life, an area of basic research that has benefited
tremendously from advances in genomics and molecular biology. Genome
sequences from an evolutionarily diverse array of eukaryotic phototrophs are now
available and have made it possible to sketch a general picture of how plastids
evolved. Yet, while the evidence in support of a cyanobacterial origin for plastids is
stronger than ever, other questions pertaining to the biology and evolution of

J.M. Archibald (D<)

Program in Integrated Microbial Biodiversity, Canadian Institute for Advanced Research,
Department of Biochemistry and Molecular Biology, Sir Charles Tupper Medical Building,
Dalhousie University, Halifax, NS, Canada B3H 4R2

e-mail: jmarchib@dal.ca

C.E. Bullerwell (ed.), Organelle Genetics, 19
DOI 10.1007/978-3-642-22380-8_2, © Springer-Verlag Berlin Heidelberg 2012


mailto:jmarchib@dal.ca

20 J.M. Archibald

plastid-bearing organisms have become less clear in the light of more data. Most
prominent among them is the issue of how — and how often — plastids have spread
horizontally across the tree by endosymbioses involving two eukaryotes and the
extent to which genes of algal/cyanobacterial ancestry in the genomes of plastid-
lacking eukaryotes can be taken as evidence for plastid loss.

One of the major challenges associated with inferring the history of plastids is
the vast amount of time that has transpired since they first evolved and the limited
coding capacity of their genomes relative to those of cyanobacteria. Molecular clock-
based analyses (e.g., Yoon et al. 2004) have suggested that plastids evolved >1
billion years ago, and the transition from cyanobacterial endosymbiont to fully
integrated organelle is known to have involved the loss of many nonessential genes
and the transfer of essential genes from the endosymbiont to the nuclear genome of its
eukaryotic host. This process, referred to as endosymbiotic gene transfer (EGT), is of
profound significance to the study of organelle evolution and is reviewed in detail by
Timmis and colleagues in Chap. 7. Even the most gene-rich plastid genomes possess
only ~200 protein genes; most possess far fewer than this (Martin et al. 1998; Kim
and Archibald 2009). The nuclear genomes of algae and plants encode many
hundreds of proteins of cyanobacterial/plastid ancestry, many (but not all) of which
are translated on cytoplasmic ribosomes and targeted to the plastid post-
translationally (Jarvis and Soll 2001; Gould et al. 2008). Interestingly, whole
genome-scale analyses have revealed that genes of noncyanobacterial ancestry also
contribute to the proteomes of modern-day plastids (e.g., Moustafa et al. 2008;
Suzuki and Miyagishima 2010). Conversely, many of the genes donated to the
nuclear genome by the cyanobacterial progenitor of the plastid subsequently acquired
functions in the host eukaryote unrelated to the plastid and to photosynthesis (Martin
et al. 2002; Archibald 2006; Reyes-Prieto et al. 2006). Photosynthetic eukaryotes are
thus increasingly recognized as complex evolutionary “mosaics,” with genes having
been acquired via EGT as well as horizontal (or lateral) gene transfer (HGT) (Lane
and Archibald 2008; Elias and Archibald 2009). Establishing the significance and
relative contributions of these two sources of gene flow into algal nuclear genomes
remains a major hurdle to overcome as the field moves toward a comprehensive
understanding of the evolutionary history of plastid-bearing eukaryotes.

2.2 Primary Plastids

Plastids are typically classified as belonging to one of two types. “Primary” plastids
are those considered to stem directly from the primordial endosymbiosis between a
nonphotosynthetic eukaryote and the cyanobacterial plastid progenitor, while
plastids that have spread indirectly from one eukaryote to another are designated
“secondary” or “tertiary” organelles (Reyes-Prieto et al. 2007; Gould et al. 2008;
Archibald 2009). Primary plastids are united in their shared possession of a two-
membrane envelope, the leaflets of which are thought to correspond to the inner and
outer membranes of the engulfed cyanobacterium (Reyes-Prieto et al. 2007; Gould
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Table 2.1 Diversity and basic characteristics of plastids®

Lineage Putative origin ~ Membranes  Pigmentation
Glaucophytes 1° 2° Chl a + phycobiliproteins
Red algae 1° 2 Chl a + phycobiliproteins
Green algae + land plants 1° 2 Chla + b

Cryptophytes® 2° (Red) 4 Chl a + ¢ + phycobiliproteins
Haptophytes 2° (Red) 4 Chl a + ¢ + fucoxanthin
Stramenopiles (Heterokonts)  2° (Red) 4 Chl a + ¢ + fucoxanthin
Dinoflagellates® 2° (Red) 3 Chl a + ¢ + peridinin
Perkinsids 2° (Red) 4 None (non-photosynthetic)
Apicomplexans 2° (Red) 4 None (non-photosynthetic)
Chromera 2° (Red) 4 Chl a

Euglenophytes 2° (Green) 3 Chla + b
Chlorarachniophytes® 2° (Green) 4 Chla + b

“Data taken primarily from Graham and Wilcox (2000) and Larkum et al. (2007). Numerous
exceptions and additional complexities exist beyond the data presented in this table. Interested
readers are referred to Kim and Archibald (2009) and references therein

Glaucophyte plastids possess a layer of peptidoglycan between the inner and outer membranes, as
in cyanobacteria

“The nucleus of the algal endosymbionts that gave rise to the cryptophyte and chlorarachniophyte
plastids persists in a highly degenerate form called a nucleomorph. The nucleomorph is located in
the periplastidial compartment, i.e., the space between the inner and outer pairs of plastid
membranes

dApproximately 50% of known dinoflagellate species are photosynthetic. Plastid-bearing species
usually possess a peridinin-pigmented plastid, although some dinoflagellates have also replaced
this organelle with plastids acquired from haptophytes and diatoms (tertiary endosymbiosis) or
green algae (serial secondary endosymbiosis). Plastid membrane number varies depending on
plastid type. Refer to Hackett et al. (2004) for review

et al. 2008). In contrast, secondary and tertiary organelles possess additional
membranes, with the precise number varying from lineage to lineage (Table 2.1).

The number of secondary and tertiary endosymbiotic events that have occurred
during eukaryotic evolution is still very much an open question, but there is general
agreement with regard to the origin of primary plastids and the lineages that harbor
them: these are the red algae, glaucophyte (or glaucocystophyte) algae, and the
green algae, the latter being the group from which land plants ultimately evolved
(Delwiche et al. 2004; Reyes-Prieto et al. 2007). A single endosymbiotic capture of
an ancestor of modern-day cyanobacteria by a full-blown eukaryotic host cell is
believed by many researchers to have occurred in a common ancestor shared by the
three lineages, followed by strict vertical inheritance thereafter (Palmer 2003;
Reyes-Prieto et al. 2007) (Fig. 2.1).

A broad array of biochemical, molecular, and phylogenetic data has been
brought to bear on the issue of whether primary plastids evolved once or more
than once. For example, the plastids of red and green algae have been shown to
possess light-harvesting complex (LHC) proteins that are not related to their
functional equivalents in present-day cyanobacteria (Green and Durnford 1996;
Durnford et al. 1999), the implication being that they represent singular eukaryote-
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Fig. 2.1 A schematic representation of eukaryotic relationships with an emphasis on lineages
containing one or more photosynthetic groups. The topology is a consensus of various nuclear
multigene phylogenies (e.g., Burki et al. 2007, 2008; Hackett et al. 2007; Hampl et al. 2009;
Parfrey et al. 2010). Dashed lines represent alternative topologies and/or areas of particular
uncertainty. Primary and secondary/tertiary plastid-bearing lineages are indicated as described
in the key. Asterisks: The dinoflagellates are known to harbor a wide diversity of plastids beyond

those depicted in this figure (see main text)
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specific evolutionary innovations occurring in a common ancestor of the two
groups. A similar explanation has been proposed to account for the distribution of
Tic110, a nucleus-encoded core subunit of the plastid protein import apparatus:
Tic110 is found in red, green, and glaucophyte algae but is absent in all known
cyanobacteria (McFadden and van Dooren 2004). The structure and coding capac-
ity of primary plastid genomes is also suggestive of common ancestry. For example,
the structure of the plastid atpA gene cluster is widely conserved among red, green,
and glaucophyte algae (Stoebe and Kowallik 1999), as is the presence of ribosomal
DNA (rDNA)-containing inverted repeats in the vast majority of primary plastid
genomes (and those of their secondary derivatives). Inverted rDNA repeats are,
however, also found in the genomes of some cyanobacteria, suggesting that this
feature may have existed prior to the evolution of plastids by endosymbiosis
(Glockner et al. 2000). The possibility of convergent evolution of basic plastid
genome architecture is usually ignored but cannot be discounted (Palmer 2003;
Stiller et al. 2003). Chapter 4 presents a detailed overview of plastid genomes and
their structure.

Molecular phylogenetic analyses often, though by no means always, support the
notion that red, green, and glaucophyte algae are each other’s closest relatives. Such
a relationship would be expected if primary plastids evolved only once in a
common ancestor shared by the three lineages and if primary plastids have not
been lost secondarily in plastid-lacking eukaryotic lineages. Early plastid 16S
rDNA and elongation factor Tu (EF-Tu) sequence analyses supported the hypothe-
sis of primary plastid monophyly (Delwiche et al. 1995; Helmchen et al. 1995), as
have more recent multigene analyses in which dozens of plastid protein sequences
are analyzed together as a single concatenate (e.g., Rodriguez-Ezpeleta et al. 2005).
In contrast, phylogenies inferred from nuclear loci, such as the largest subunit of
RNA polymerase II (RPB1) are sometimes much less clear (Stiller and Hall 1997,
Longet et al. 2003). Tree topologies resulting from the latest “phylogenomic”
analyses, including analyses of large 100+ protein data sets, have proven unexpect-
edly sensitive to taxon sampling and gene selection but often resolve the mono-
phyly of “Archaeplastida” with high statistical support (e.g., Rodriguez-Ezpeleta
et al. 2005, 2007a, b; Burki et al. 2007, 2008, 2009; Hackett et al. 2007). There is
however no general consensus as to the branching order of red, green, and
glaucophyte algae relative to one another. In cases where monophyly of these
three main lines is not recovered, secondary plastid-bearing groups such as
cryptophyte and haptophyte algae (see below) are often the intervening lineages
(e.g., Hampl et al. 2009; Parfrey et al. 2010). Recent analysis of specific subsets of
nuclear genes, in particular those deemed to be the most slowly evolving, appear to
support the nonmonophyly of the primary plastid-bearing lineages and have been
used as the basis for alternative scenarios in which primary plastids evolved in a
common ancestor shared by red, green, and glaucophyte algae and other eukaryotic
groups that currently lack a plastid (e.g., Nozaki et al. 2007). In sum, while it is
widely held that primary plastids evolved only once, exactly when this occurred
during eukaryotic evolution is unclear, and it is possible that primary plastid loss
has occurred and/or that the double membrane-bound organelles in the three groups
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have not been inherited in a strictly vertical fashion (see Stiller and Hall 1997,
Andersson and Roger 2002; Nozaki et al. 2003; Larkum et al. 2007; Stiller 2007,
Kim and Graham 2008 and references therein for alternative scenarios). As will be
underscored in the sections that follow, assessing the extent to which nuclear and
organellar gene phylogenies can be judged to be congruent or incongruent with one
another has become one of the most important issues in plastid evolution.

One final note on the evolution of primary plastids relates to the
“chromatophores” of the testate amoeba Paulinella chromatophora. First discov-
ered over 100 years ago (Lauterborn 1895; Melkonian and Mollenhauer 2005),
P. chromatophora, a member of the Rhizaria (Fig. 2.1), harbors within its cyto-
plasm cyanobacteria belonging to the genus Synechococcus (Marin et al. 2005;
Yoon et al. 2006). The chromatophore genome is somewhat reduced relative to its
closest free-living relatives, although nowhere near that of a canonical plastid
(Nowack et al. 2008; Yoon et al. 2009). Much has been written about whether
these “recently” acquired photosynthetic intracellular inclusions should be consid-
ered endosymbionts or true cellular organelles (Theissen and Martin 2006;
Bhattacharya and Archibald 2007; Bodyl et al. 2007). Chromatophore-to-host-
nucleus gene transfer has been documented (Nakayama and Ishida 2009; Nowack
et al. 2011) and a mechanism for protein import into the chromatophore has even
been proposed (Bodyl et al. 2010; Mackiewicz and Bodyl 2010). It will thus be
interesting to see how much of what we learn from studying P. chromatophora and
its enigmatic “organelles” will shed light on the primary endosymbiotic origin of
canonical plastids, which appears to have been a singular, truly ancient event in
eukaryotic evolution.

2.3 Secondary and Tertiary Plastids: Origins and Evolution

As fundamental as they are, the uncertainties surrounding the evolution of plastids
within red, green, and glaucophyte algae pale in comparison to those of
phototrophic eukaryotes as a whole. Researchers have long recognized the extraor-
dinary structural and biochemical diversity of plastids, particularly in the realm of
microscopic algae, and in the 1970s, the possibility that plastids had moved from
one eukaryotic lineage to another began to be taken seriously (Taylor 1974; Gibbs
1978). Definitive evidence of what is referred to as secondary endosymbiosis
eventually came from the study of algae that possess two bona fide nuclei, a host
nucleus and a plastid-associated, eukaryotic endosymbiont-derived nucleus, the
latter being referred to as a “nucleomorph” (Greenwood 1974; Greenwood et al.
1977; McFadden et al. 1994). Nucleomorphs have been shown to harbor the
smallest nuclear genomes known to science and represent interesting systems
with which to study the processes of genome reduction and compaction (Archibald
and Lane 2009; Moore and Archibald 2009).

Two distinct nucleomorph-bearing lineages are currently recognized. The
cryptophytes and chlorarachniophytes are significant not only in their shared
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possession of the “smoking gun” of secondary endosymbiosis but also because they
acquired photosynthesis independently. Cryptophyte nucleomorphs and plastids are
derived from a red algal endosymbiont (Douglas et al. 1991, 2001; Douglas and
Penny 1999; Graham and Wilcox 2000; Lane et al. 2007; Kim and Archibald 2009),
while in chlorarachniophytes these organelles evolved from an endosymbiotic
green alga (Gilson and McFadden 1996; Ishida et al. 1997, 1999; Gilson et al.
2006; Rogers et al. 2007). The closest relatives of their respective secondary
endosymbionts within modern-day red and green algae are still uncertain, particu-
larly in the case of cryptophytes, where comparative sequence data from diverse red
algae are lacking. Nevertheless, karyotype and molecular sequence data have
revealed that the cryptophyte and chlorarachniophyte nucleomorph genomes con-
stitute a remarkable example of convergent evolution. Both harbor highly reduced,
A+T-rich genomes less than 1 megabase-pair (Mbp) in size and partitioned into
three chromosomes, each capped with subtelomeric ribosomal DNA (rDNA) loci
(Moore and Archibald 2009). The evolutionary pressures responsible for and the
biological significance of these similarities are for the most part not known.

The euglenophytes constitute a second lineage harboring green algal-derived
secondary plastids. However, unlike chlorarachniophytes, whose plastid is
surrounded by four membranes, the euglenophyte plastid has three membranes
and lacks a plastid-associated nucleomorph (Table 2.1). Euglenophytes are classi-
fied as euglenids (or “euglenoids”), which in addition to phototrophs such as
Euglena gracilis, include plastid-lacking heterotrophs capable of ingesting bacteria
(bacteriovores) and eukaryotes (eukaryovores) (Leander et al. 2001). Together with
the exclusively plastid-lacking kinetoplastids (e.g., parasites such as Trypanosoma
and Leishmania), the euglenophytes reside within the “supergroup” Excavata
(Hampl et al. 2009) (Fig. 2.1). In contrast, the chlorarachniophytes constitute the
sole plastid-bearing lineage within the supergroup Rhizaria, a diverse collection of
predominantly amoeboid, unicellular eukaryotes that include the foraminiferans
and radiolarians (Nikolaev et al. 2004). The existence of green algal secondary
plastids in both chlorarachniophytes and euglenophytes thus represents a case of
discordant host—-endosymbiont evolutionary histories and, at face value, is most
consistent with the notion of independent secondary acquisitions of green algal
plastids. Indeed, not only do the host components of chlorarachniophytes and
euglenophytes belong to completely different supergroups, the latest plastid
genome sequence comparisons suggest that their plastids evolved from distinct
lines of green algae (e.g., Rogers et al. 2007; Turmel et al. 2009). Current data do
not support the hypothesis of a single ancient green algal secondary endosymbiosis
in a common ancestor shared by chlorarachniophytes and euglenophytes (Cavalier-
Smith 1999).

An even broader array of eukaryotes harbors red algal-derived secondary
plastids. In addition to the nucleomorph-bearing cryptophytes, these include the
stramenopiles (e.g., diatoms and giant kelp), haptophytes (e.g., Emiliania huxleyi),
some dinoflagellates, some apicomplexans such as the malaria parasite Plasmodium
falciparum, as well as the newly discovered chromerids (Keeling 2009).
Dinoflagellates are particularly impressive in their diversity of plastids, although
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it should be noted that only ~50% of known species actually possess a photosyn-
thetic organelle (Taylor 1980). Of those that do, most harbor a peridinin-pigmented,
red algal-derived secondary (or tertiary) plastid, while others have tertiary plastids
specifically derived from haptophytes (Tengs et al. 2000), cryptophytes (Schnepf
and Elbrachter 1988; Hackett et al. 2003), and diatoms (Dodge 1969; Inagaki et al.
2000) (see Hackett et al. 2004 and Archibald 2005 and references therein for
detailed review). The dinoflagellate Lepidodinium possesses a recently acquired,
green algal-derived plastid of serial secondary origin (Watanabe et al. 1990), and
members of the genus Kryptoperidinium have an “unreduced” diatom plastid with a
nucleus and mitochondria still associated with it (Chesnick et al. 1997; McEwan
and Keeling 2004; Imanian et al. 2007; Imanian and Keeling 2007). In addition, some
dinoflagellates possess transient plastids and carry out “acquired phototrophy.” For
instance, the heterotrophic dinoflagellate Dinophysis acuminata harbors a
cryptophyte plastid that it obtains indirectly by regularly feeding on the ciliate
Mpyrionecta rubra, which itself ingests cryptophytes of the Teleaulax/Geminigera
clade (Park et al. 2008). Wisecaver and Hackett have recently shown that the nuclear
genome of D. acuminata does not appear to be stocked with genes for plastid-targeted
proteins, as is invariably the case for photosynthetic eukaryotes, and the few that have
been found come primarily from algae other than cryptophytes (Wisecaver and
Hackett 2010). The implication is that the D. acuminata plastid is truly temporary
and incapable of being perpetuated to any great extent within the dinoflagellate cell.

Recent plastid acquisitions in dinoflagellates aside, how do the various red algal
secondary plastids relate to one another? As for euglenids and chlorarachniophytes,
demonstrating incongruent host and plastid phylogenies would support the notion of
independent secondary endosymbioses involving distinct red algae and/or second-
ary hosts, but for various reasons, this has proven difficult to determine. For
example, the highly derived nature of the plastid genomes of apicomplexans and
dinoflagellates do not lend themselves to accurate phylogenetic reconstruction. The
apicomplexans are nonphotosynthetic and appear to retain their plastids solely to
carry out core metabolic processes, such as the synthesis of isoprenoids and fatty
acids (Ralph et al. 2004). Consequently, the coding capacity of the “apicoplast” is
quite limited and the genes that remain are typically highly divergent. It was in fact
initially unclear whether the four-membrane-bound plastids of apicomplexans were
of green or red algal ancestry. Data have been presented in support of both
hypotheses (e.g., Kohler et al. 1997; Blanchard and Hicks 1999; Funes et al. 2002;
Waller et al. 2003), but on balance, the evidence rests decidedly in favor of a red
algal origin (Waller and McFadden 2005; Janouskovec et al. 2010; Lim and
McFadden 2010). Dinoflagellates are even more problematic, as their peridinin
plastid genomes are made up of single-gene minicircles encoding extraordinarily
rapidly evolving genes (Zhang et al. 1999, 2000; Sanchez-Puerta et al. 2007a; Howe
et al. 2008). The exciting discovery of Chromera velia (Moore et al. 2008), an alga
with a relatively gene-rich plastid genome (Janouskovec et al. 2010), has made it
possible to link both host- and plastid-associated features of dinoflagellates with
those of apicomplexans (Keeling 2008; Janouskovec et al. 2010). Combined with
the discovery of cryptic plastids in dinoflagellates that were previously assumed to
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be lacking plastids (Sanchez-Puerta et al. 2007b) and their close relatives, such as
perkinsids (Stelter et al. 2007; Teles-Grilo et al. 2007) and Oxyrrhis (Slamovits and
Keeling 2008), it now seems likely that the common ancestor of dinoflagellates and
apicomplexans possessed a red algal-derived secondary plastid.

What about the other red secondary plastid-containing lineages? A long-standing
and controversial idea in the field is that the plastids of apicomplexans and
dinoflagellates are truly ancient, sharing a common endosymbiotic origin with all
other known red secondary plastids (Table 2.1, Fig. 2.1). Cavalier-Smith’s
“chromalveolate” hypothesis unites the “chromists” (plastid-bearing cryptomonads
(i.e., cryptophytes), stramenopiles, and haptophytes) with the alveolates
(dinoflagellates, apicomplexans, and ciliates) and rests on the principle that sec-
ondary endosymbiosis is a complex process and should be invoked sparingly
(Cavalier-Smith 1999). With each such event, hundreds of nuclear genes for
plastid-targeted proteins must be transferred from the red or green algal nucleus
to the secondary host nucleus, and a mechanism for importing such proteins must
evolve “from scratch” (Cavalier-Smith 1999; McFadden 1999; Cavalier-Smith
2000; Gould et al. 2008). Critics of the chromalveolate hypothesis acknowledge
these difficulties but point to the existence of many plastid-lacking
“chromalveolate” taxa: Goniomonas (a basal cryptomonad), Hacrobia such as
katablepharids and telonemids, heterotrophic stramenopiles such as oomycetes,
and ciliates, a huge, diverse, and entirely plastid-lacking alveolate lineage
(Fig. 2.1). If the chromalveolate hypothesis were true, then plastids would have
had to be lost secondarily in each of these lineages. An alternative hypothesis is that
red algal-derived secondary plastids have spread by one or more cryptic tertiary
endosymbioses, as is known to have occurred in the case of dinoflagellates (Hackett
et al. 2004). The chromalveolate hypothesis has proven to be something of a
moving target: new eukaryotic lineages continue to be discovered and evolutionary
relationships must continuously be retested as genomic sequence data accumulate.

Early single-locus analyses of plastid genes, such as for 16S rDNA and ribulose-
1,5-bisphosphate carboxylase/oxygenase (RuBisCO), were inconsistent with the
chromalveolate hypothesis, seeming to favor the notion that the different chromist
lineages, i.e., cryptophytes, stramenopiles, and haptophytes, had acquired their
plastids from different red algae (Daugbjerg and Andersen 1997; Oliveira and
Bhattacharya 2000; Miller et al. 2001). With time and more sequence data,
however, the balance tipped in favor of chromist plastid monophyly, albeit with
varying levels of confidence (e.g., Yoon et al. 2002; Khan et al. 2007). Rare
genomic characters, such as endosymbiotic gene replacements involving the
plastid-associated genes for glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
(Fast et al. 2001) and fructose-1,6-bisphosphate (FBA) (Patron et al. 2004), were also
presented as evidence to support plastid monophyly of subsets of chromalveolate
taxa, and a rare lateral gene transfer involving the ribosomal protein gene rpL36
suggested a specific relationship between haptophyte and cryptophyte plastids (Rice
and Palmer 2006). However, a common origin of chromalveolate plastids is, as
argued by Bodyl and others (Bodyl 2005, 2006; Sanchez-Puerta and Delwiche
2008; Bodyl et al. 2009), also consistent with evolutionary scenarios involving
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multiple tertiary endosymbioses. The “final frontier” has thus been examination of
the phylogenetic signal contained in as many different nuclear loci as possible in an
effort to confirm or refute the notion that the histories of the chromalveolate hosts and
endosymbionts are congruent with one another.

The answer seems to be that they are not. Phylogenomic analyses of dozens to
hundreds of nucleus-encoded proteins concatenated together have revealed that the
chromalveolates, as originally defined (Cavalier-Smith 1999), do not form a mono-
phyletic group to the exclusion of other eukaryotes, even though subsets of
chromalveolate lineages are clearly related to one another, such as cryptophytes
and haptophytes (Hackett et al. 2007; Patron et al. 2007) and stramenopiles and
alveolates (Burki et al. 2007; Burki et al. 2008; Hampl et al. 2009; Parfrey et al.
2010). One recent twist has been the realization that the supergroup Rhizaria, to
which the green algal secondary plastid-containing chlorarachniophytes belong, is
robustly allied with stramenopiles and alveolates. This tripartite grouping has been
dubbed SAR (Burki et al. 2007, 2008). The cryptophyte—haptophyte pair does not
branch with the other chromalveolate groups and has been expanded to include the
plastid-lacking telonemids, centrohelids, and katablepharids under the term
Hacrobia (Burki et al. 2009; Okamoto et al. 2009). A recent analysis using smaller
data sets than the above-mentioned studies but with expanded taxonomic sampling
supported some but not all of these relationships, and found no evidence for
chromalveolate monophyly (Parfrey et al. 2010). Finally, a rigorous test of the
phylogenetic signal contained in the nuclear, mitochondrial, and plastid genomes of
the CASH group (cryptophytes, alveolates, stramenopiles, and haptophytes) led
Baurain et al. to “...reject the chromalveolate hypothesis as falsified in favor of
more complex evolutionary scenarios involving multiple higher order eukaryote-
eukaryote endosymbioses” (Baurain et al. 2010). The basis for their falsification is
that the CASH lineage plastid genomes appear to have diverged from one another
much more recently than their respective mitochondrial and nuclear genomes.
Various alternative scenarios involving ‘“higher-order” endosymbioses have
recently been explored in the literature (e.g., Bodyl 2005, 2006; Sanchez-Puerta
and Delwiche 2008; Archibald 2009; Bodyl et al. 2009), but unfortunately there is
as yet little information with which to distinguish between them. The original
recipient lineage(s) of the red algal secondary plastid is not obvious, nor is the
number (and directionality) of subsequent tertiary endosymbioses needed to
account for the apparent incongruence between chromalveolate hosts and plastids.

2.4 Genome Mosaicism: Evidence for Past Endosymbioses
or “You Are What You Eat”?

One of the most unexpected developments in recent years has been the extent to
which the nuclear genomes of secondary plastid-containing algae, and indeed all
eukaryotes, harbor genes of mixed ancestry. HGT is now a well-established factor
in the evolution of eukaryotic genomes (Keeling and Palmer 2008), but in the case
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of phototrophs it is often difficult to tell whether any given “foreign” gene is the
product of an endosymbiotic gene transfer or was acquired in a endosymbiosis-
independent fashion before, during, or after plastid acquisition. This is not a trivial
distinction. Numerous studies invoking secondary plastid loss in eukaryotic groups
are based entirely on the presence of algal/cyanobacterial genes in the genome
(e.g., Huang et al. 2004; Tyler et al. 2006; Reyes-Prieto et al. 2008). Assessing the
significance of genome mosaicism in algae thus has important implications for
modeling the pattern and process of plastid evolution.

A 2003 study of the chlorarachniophyte Bigelowiella natans, which has a green
algal secondary plastid (Table 2.1 and Fig. 2.1), provided some of the first compre-
hensive evidence for genome mosaicism in eukaryotes. As expected, most of the
examined nucleus-encoded, plastid-targeted proteins in this organism were found to
be of green algal ancestry, but red algal-derived genes, and even those from bacteria
were also found (Archibald et al. 2003). The chlorarachniophytes are known to be
capable of ingesting other algae and bacteria (Hibberd and Norris 1984), and the
mosaic B. natans plastid proteome was deemed to be the product of both endosym-
biotic and horizontal gene transfers, the latter related to its phagotrophic lifestyle.
A more recent study of the dinoflagellate Lepidodinium chlorophorum revealed a
similar pattern. This organism currently has a green algal plastid of serial secondary
endosymbiotic origin and, not surprisingly, green algal-derived, plastid-associated
genes reside in its nucleus (Minge et al. 2010). However, L. chlorophorum also
harbors genes of red algal secondary endosymbiotic origin and, in this case, it
seems reasonable to conclude that at least some of the red algal-type genes are
“holdovers” from the ancestral peridinin-type plastid this dinoflagellate is believed
to have harbored (Minge et al. 2010). Even though the patterns of plastid-associated
gene mosaicism in B. natans and L. chlorophorum are similar, our interpretation of
the underlying causes is different, invoking predominantly HGT in the former and
EGT in the latter. Or is it different?

Considering that the supergroup Rhizaria, to which the chlorarachniophytes
belong, now appears to be nested within traditional chromalveolate taxa (Burki
et al. 2008; Parfrey et al. 2010) (Fig. 2.1), one could argue that at least some of the
red algal genes in the B. natans genome (Archibald et al. 2003) are derived from
ancient endosymbiotic gene transfer rather than HGT. The picture becomes even
more complex when one considers a provocative hypothesis put forth by Moustafa
et al. (2009). These authors showed that in chromalveolate taxa such as diatoms and
haptophytes, genes of apparent green algal ancestry outnumber red algal genes by
more than 3-to-1. Preliminary evidence for a green algal “footprint” in
chromalveolates possessing a red algal-derived secondary plastid had in fact been
observed previously (Frommolt et al. 2008), and Moustafa et al. interpret it as
evidence for a cryptic green algal endosymbiont present in an ancient
chromalveolate ancestor prior to the hypothesized red algal endosymbiotic event
(Moustafa et al. 2009). Under such a model, the composition of the chlorarach-
niophyte nuclear genome would have conceivably been impacted by no fewer than
three secondary endosymbionts at different times (green, red, then green again;
Elias and Archibald 2009). Against an increasingly supported backdrop of HGT in
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chlorarachniophytes and other eukaryotes (Keeling and Palmer 2008; Takishita
et al. 2009), it is not clear how such a hypothesis can be rigorously tested.

A similar challenge exists when probing the nuclear genomes of plastid-lacking
eukaryotes for the “footprint” of past endosymbioses. Consistent with the
chromalveolate hypothesis, it was proposed that the genome of the stramenopile
Phytophthora contains hundreds of genes of algal/cyanobacterial ancestry, evi-
dence for a plastid-bearing phase in its history (Tyler et al. 2006). However,
reanalysis of the data by Stiller et al. (2009) indicates that the number of algal-
like genes in Phytophthora does not in fact rise above “background,” i.e., the number
of algal genes found in the genomes of amoebozoans (Fig. 2.1), which would not be
expected to possess an endosymbiotic footprint (Elias and Archibald 2009; Stiller
et al. 2009). Similar concerns exist for the putative algal/cyanobacterial footprints in
the genomes of ciliates (Archibald 2008; Reyes-Prieto et al. 2008), the apicomplexan
Cryptosporidium (Huang et al. 2004), and other plastid-lacking eukaryotes (e.g.,
Maruyama et al. 2008, 2009).

2.5 Future Directions

The amount of genomic data with which to test hypotheses about the origin and
evolution of plastids has increased tremendously. However, if the past decade of
research in this area has revealed anything, it is that more data does not always lead
to increased clarity. Detailed analyses of complete algal nuclear genome sequences
have uncovered an unexpected degree of genome mosaicism, and there is as yet no
clear consensus as to what it means. Distinguishing between bona fide past
endosymbioses versus HGT-derived genomic footprints is a formidable challenge
that will require a combination of further refinement and implementation of a priori
testing procedures of the sort used by Stiller et al. (2009) and even more data from
diverse primary and secondary plastid-bearing lineages. Fortunately, continued
technological advances in DNA sequencing mean that virtually any eukaryote, no
matter how large its genome, will become a viable target for whole genome and/or
near-complete transcriptome sequencing in the very near future. Particularly impor-
tant organisms and lineages include (a) the red algae, for which there is still only a
single complete genome available (Matsuzaki et al. 2004), (b) the photosynthetic
alveolate Chromera (Moore et al. 2008), (c) the plastid-lacking cryptomonad
Goniomonas and other phagotrophs currently classified as Hacrobia (Okamoto
et al. 2009), (d) various photosynthetic and nonphotosynthetic dinoflagellates,
and (e) plastid-lacking lineages within the stramenopiles (e.g., bicosoecids). With
so much new data on the horizon, it is difficult to predict which hypotheses will still
be “in play” even a few years from now, especially considering that organisms are
being discovered on a regular basis. One recent such example is the “rappemonads,”
an as-yet uncultured lineage defined solely on the basis of environmental plastid
rDNA operon sequencing and fluorescence in situ hybridization (Kim et al. 2010).
Rappemonads are most closely related to, but are clearly distinct from, the
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haptophytes, and constitute a genetically diverse lineage found in both marine and
freshwater environments. It is sobering to consider that organisms that represent
potentially important pieces of the endosymbiosis puzzle have escaped detection
for decades.
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