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The endosymbiotic origin of plastids from cyanobacteria was a
landmark event in the history of eukaryotic life. Subsequent to the
evolution of primary plastids, photosynthesis spread from red and
green algae to unrelated eukaryotes by secondary and tertiary
endosymbiosis. Although the movement of cyanobacterial genes
from endosymbiont to host is well studied, less is known about
the migration of eukaryotic genes from one nucleus to the other in
the context of serial endosymbiosis. Here I explore the magnitude
and potential impact of nucleus-to-nucleus endosymbiotic gene
transfer in the evolution of complex algae, and the extent to
which such transfers compromise our ability to infer the deep
structure of the eukaryotic tree of life. In addition to endosymbi-
otic gene transfer, horizontal gene transfer events occurring be-
fore, during, and after endosymbioses further confound our efforts
to reconstruct the ancient mergers that forged multiple lines of
photosynthetic microbial eukaryotes.
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Alarge and diverse body of evidence supports the notion
that mitochondria and plastids (chloroplasts), the textbook

membrane-bound organelles of eukaryotes, evolved from once
free-living bacteria by endosymbiosis (1, 2). The plastids of plants
and algae are demonstrably cyanobacterial in nature, and the
host cell that took up the plastid progenitor perhaps 1.5 billion
years ago was undoubtedly a fully fledged eukaryote (3–6). A
common theme in the evolution of plastids is endosymbiotic
gene transfer (EGT), the flow of genes from endosymbiont to
host (7, 8). The establishment of dedicated machinery for im-
porting the protein products of such genes is considered a
critical step in the transition from endosymbiont to organelle (9),
and a great deal is known about the process of plastid protein
import (3, 10).
Yet we are still far from having a satisfactory explanation for

the evolution of photosynthetic eukaryotes and the plastids they
harbor. Like mitochondria, plastids are thought to have evolved
from a prokaryotic endosymbiont on a single occasion, in this
case in a common heterotrophic ancestor shared by red algae,
glaucophyte algae, and green algae (and their land plant descen-
dants); these so-called “primary” plastids are widely believed to
have evolved vertically in these three core photosynthetic lines
ever since (5, 11). Not everyone is so sure, however (e.g., refs. 12
and 13), and indeed we know that plastids have moved hori-
zontally by endosymbiotic mergers involving unrelated eukary-
otic donors and recipients (3, 14–16). Precisely how, and how
many times, photosynthesis has spread among eukaryotes has
been debated ever since the idea was first proposed in the 1970s
(17, 18). Even with complete genome sequence data now avail-
able from a broad range of primary and secondary plastid-
bearing algae, the evolutionary history of plastids across the tree
of eukaryotic life is still unclear. Here I explore possible reasons
why this might be, in light of EGT and the complex ways in which
eukaryotic hosts and endosymbionts have amalgamated over the
∼1.5 billion years since plastids first evolved.

Evolving a Complex Alga
The broad strokes of primary plastid evolution can be inferred in
a comparative genomic framework. Sequenced red, green, and
glaucophyte plastid genomes are typically in the range of 100–
200 kb-pairs in size and possess at most ∼250 genes (19–21), a
small fraction of the ∼2,000–12,000 genes found in extant cya-
nobacteria (22). Most of the >1,000 proteins needed to support a
functional plastid (23, 24) are encoded by nuclear genes; many
(but not all) of these genes are of cyanobacterial ancestry, the
product of EGT events that occurred during and after the in-
tegration of host and endosymbiont (7, 25, 26). Together with
the migration of genes from endosymbiont to nucleus, dedicated
translocation machineries known as TOC and TIC (translocon of
the outer and inner chloroplast membrane) evolved from a mix-
ture of host and endosymbiont-derived gene products to move
essential proteins across the membranes of the nascent organelle
(24, 27, 28). The general complexity and specific make-up of the
TOC and TIC translocons speak to the single origin of the double-
membrane primary plastids in red, green, and glaucophyte algae
(2, 29, 30). Together these three groups comprise the Archaeplastida
(31), one of a half-dozen proposed “supergroups” of eukaryotes,
phylogenomic support for which has waxed and waned as sequence
datasets have grown larger (32–35).
Attempts to quantify the “footprint’” of endosymbiosis in

the nuclear genomes of primary plastid-bearing organisms
have produced variable results. A 2002 study by Martin et al.
(26) estimated that ∼18% of nuclear genes in the land plant
Arabidopsis are of cyanobacterial ancestry (∼4,500 in total).
Intriguingly, <50% of these genes encode proteins that were
predicted to be plastid-localized: endosymbiotically derived gene
products appear to contribute to a wide range of plastid-independent
subcellular processes, including cell division, intracellular traf-
ficking, gene expression, and metabolism (26). Similar analyses
of the genomes of single-celled algae, including reds, greens, and
glaucophytes, have produced much lower estimates of the cya-
nobacterial footprint, in the range of 6–12% (36–39), and with a
higher proportion of the endosymbiont-derived proteins pre-
dicted to be plastid-targeted. There are both biological and
methodological factors to consider when accounting for these
differences (40). It is nevertheless clear that the biology of the
primordial algal host cell was impacted by the endosymbiosis that
gave rise to the plastid, and it is worth considering what the
phylogenetic implications of this might be. In questioning the
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tree-based support for the sisterhood of red, green, and glau-
cophyte algae, Stiller (12) has argued that the influx of cyano-
bacterial DNA during the initial establishment of the plastid was
sufficiently large (and cryptic) that it now compromises our
ability to reliably reconstruct a host cell phylogeny based on
nuclear genes. We will return to this general issue in due course.
An important additional layer of organellar complexity is the

process of secondary endosymbiosis, whereby a primary plastid-
bearing alga is engulfed and assimilated by a heterotrophic host.
A wealth of biochemical and comparative genomic data show that
both red and green algal plastids have been captured in this
manner. The “green” side of the equation is relatively straight-
forward. Two algal groups, the euglenids and chlorarachniophytes,
harbor chlorophyll a+b-pigmented plastids, which are surrounded
by three and four membranes, respectively (41–43). The chlorar-
achniophytes are of particular interest in that the nucleus of the
green algal endosymbiont persists in a miniaturized form called
a “nucleomorph” (44, 45). Nucleomorphs are considered the
“smoking guns” of secondary endosymbiosis—most complex algae
do not have them—although as we shall see their genomes are
minuscule compared with the algal nuclear genomes from which
they evolved; most of their genes have been lost or transferred to
the host nucleus by EGT (45) (Fig. 1).
Red algal-derived complex plastids are found in a much wider

range of algae and exhibit a broader spectrum of plastid-asso-
ciated features. They are also more controversial. Some of these
algae, such as the haptophytes, nucleomorph-bearing crypto-
phytes, and stramenopiles (e.g., diatoms and giant kelp) are well
known and have well-studied plastids surrounded by four mem-
branes (3, 46). Others, such as the coral reef-associated chro-
merids, have only come to light in the past decade (47, 48). Still
others are secondarily nonphotosynthetic forms, such as the
apicomplexan parasite Plasmodium; this organism harbors a red
algal-derived plastid with a reduced genome (49), retained as the
site of essential biochemical processes, such as fatty acid and
iron-sulfur cluster biosynthesis (50).
One final group of organisms, the dinoflagellates, deserves

special mention as the champions of plastid acquisition and ex-
change. Most photosynthetic species possess a peridinin-pig-
mented, red algal-type plastid surrounded by three membranes,
which appears to be specifically related to the four-membrane
plastids of apicomplexans and chromerids (48, 51). However,
other dinoflagellates are more complicated in having replaced
their “standard” peridinin plastid with an organelle taken from
green algae by “serial secondary” endosymbiosis (52, 53) or from
haptophytes (54) and diatoms (55) by “tertiary” endosymbiosis.

Cellular Mergers and Acquisitions—Who, How, and How
Many?
What do the genomes of complex plastids look like and what do
they tell us about the spread of photosynthesis? With the ex-
ception of the bizarre single-gene “minicircles” found in the
peridinin plastids of dinoflagellates (e.g., refs. 56–58), which are
essentially useless as phylogenetic markers, secondary plastid
genomes are generally similar in structure, sequence, and coding
capacity to the green and red primary plastid genomes from
which they are derived (21). Simply put, primary plastids evolved
and diversified into the red and green lines well before any of the
secondarily derived organelles did. This of course is what allows
us to label complex plastids as “red” or “green” in the first place,
but it also provides the means with which to test more specific
hypotheses about plastid gain. For example, phylogenomic evi-
dence suggests that the green plastids of euglenids and chlorar-
achniophytes are derived from evolutionarily distinct green algal
endosymbionts (43), a conclusion bolstered by the fact that
the two hosts clearly belong to very different parts of the
eukaryotic tree. Although the euglenozoans are “excavates,”
the rhizarians (to which chlorarachniophytes belong) are related

to stramenopiles and alveolates (33, 34, 59). Green algal secondary
plastids evolved twice.
The chromalveolate hypothesis of Cavalier-Smith has domi-

nated the field of plastid evolution for 15 years; it posits that all
red complex plastids share a single secondary endosymbiotic origin
(60). More specifically, there was a single engulfment of a red alga
by a common heterotrophic ancestor shared by “chomists” and
alveolates, a diverse collection of organisms sometimes referred to
as CASH taxa: cryptophytes, alveolates (dinoflagellates, apicom-
plexans, and ciliates), stramenopiles, and haptophytes (61). A
guiding principle behind the chromalveolate hypothesis is that
evolving an organelle and everything that goes with it is difficult;
the number of inferred endosymbiotic events should thus be
minimized, even if it means that extensive plastid loss must also be
invoked (e.g., in the plastid-lacking ciliates). The intricacies of the
chromalveolate hypothesis have been discussed extensively else-
where (e.g., refs. 14, 15, 62, and 63). What matters for the time
being is that plastid genome sequences are generally consistent
with a single origin scenario: multigene phylogenies show the
plastid genomes of the CASH lineages to be monophyletic, albeit
with variable statistical support (e.g., refs. 51, 57, 64, and 65).
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Fig. 1. Genome and proteome mosaicism in complex algae. Diagram de-
picts a generic complex alga with a four-membrane secondary plastid and a
nucleomorph (NM). When present, the nucleomorph resides within the
periplastidial compartment (PPC), which corresponds to the cytosol of the
engulfed primary algal cell. Sequenced nucleomorph genomes of crypto-
phyte and chlorarachniophyte algae possess at most ∼500 protein genes;
most of the proteins needed to sustain the plastid and associated com-
partments are the products of genes residing in the host nucleus (HN). The
host cell’s endomembrane system is involved in targeting nucleus-encoded
proteins to the organelle. In some (but not all) complex algae, the outermost
plastid membrane is physically continuous with the rough ER, allowing
cotranslational insertion of organelle-targeted proteins. Blue and red arrows
show endosymbiotic gene transfer events from the plastid to the primary
and secondary host nuclei: their genomes are evolutionary mosaics. Multi-
colored arrows show possible destinations for nucleus-encoded proteins
whose genes trace back to the plastid (red), nucleomorph (blue), and sec-
ondary host nucleus (gray). Evidence for all of these scenarios has come from
comparative genomic investigations of several independently evolved com-
plex algae (see text). Gene transfers involving mitochondrial DNA
have been omitted for simplicity. CY, cytosol; MT, mitochondrion; SP, se-
cretory pathway.
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An important development has been the realization that the
plastid protein import machinery operating in all CASH taxa
with four-membrane organelles is homologous. Where in-
vestigated, the standard TOC and TIC translocons mediate the
import of nucleus-encoded proteins across the two innermost
cyanobacterium-derived membranes of green and red complex
plastids (see refs. 3, 29, 66, and 67 and references therein).
Protein transport across the outermost host-derived plastid
membrane in both red and green algal-derived complex plastids
involves the host cell’s endomembrane system; the signal peptide
secretion pathway has clearly been co-opted for this purpose
multiple times independently (3). What about the remaining
membrane? Maier and colleagues have shown that translocation
across the second outermost membrane (originally the plasma
membrane of the algal endosymbiont) in red-type four-mem-
brane plastids is mediated by a multiprotein complex dubbed
SELMA [symbiont-specific endoplasmic reticulum (ER)-associ-
ated degradation-like machinery (68–71)]. The evolution of
SELMA appears to represent a singularity, an intricate complex
cobbled together from a dozen or more proteins at least some of
which originally functioned as part of the ER-associated degra-
dation machinery in the red algal endosymbiont. SELMA is a
robust character that supports a single origin of four-membrane
CASH plastids (2).
However, there are limits to what plastids and their genomes

can tell us. The monophyly of red algal complex plastids in
CASH lineages is consistent with a single origin in the common
ancestor of all of the organisms that contain them, but it does not
prove it. Similarly, although the presence of the same highly
distinct protein import apparatus in CASH taxa (excluding the
three-membrane organelles of dinoflagellates) speaks strongly
to the single origin of red algal-type complex plastids, there
are other possible explanations for how the organelles—and
SELMA—have come to reside in such diverse algal lineages.
Based on complementary lines of inquiry, it now seems very
likely that at least some of the red algal-derived plastids tradi-
tionally thought to be of secondary origin are in fact serial ac-
quisitions involving tertiary and perhaps even quaternary
endosymbiotic events. Algal nuclear genome sequences have
provided the key to begin unlocking some of the mysteries; at
present they raise as many questions as they answer.
The past decade has seen support and enthusiasm for the

chromalveolate hypothesis gradually diminished, in large part
because of the results of global eukaryote phylogenomic in-
vestigations. Recent analyses of data matrices containing >100
concatenated nucleus-encoded proteins do not support the hy-
pothesis that the CASH taxa are a monophyletic assemblage.
Most notably, the cryptophytes and haptophytes, once thought to
be specifically related (e.g., refs. 32 and 72), do not appear to be
each other’s closest relatives in an analysis of 258 nuclear genes
(59). Instead, the haptophytes show strong ties to the stramenopiles,
alveolates, and rhizarians, the latter group being a large and
mostly nonphotosynthetic lineage (the green complex plastid-
containing chlorarachniophytes being a notable exception).
The cryptophytes branch as sister to the primary plastid-bearing
red, green, and glaucophyte algae (59). It would be prudent to
consider the jury still out over many aspects of the supergroup
level relationships among eukaryotes, including the position of
the root. Nevertheless, it has become increasingly difficult to
rationalize a single, ancient red algal plastid acquisition in a
common ancestor shared by such an apparently large fraction of
eukaryotic diversity.
Complementary evidence against the chromalveolate hypoth-

esis has come from a critical assessment of the strength of phy-
logenetic signals contained in the nuclear and organellar
genomes of CASH taxa. Baurain et al. (61) showed that the
plastid genomes of these groups appear to have diverged from
each other more recently than their mitochondrial and nuclear

genomes have. In essence, these analyses show that the evolu-
tionary histories of the plastid and nucleocytoplasmic compart-
ments of the CASH lineages are incongruent with one another,
a red flag for the existence of cryptic plastid spread (73).
Stiller et al. (74) have recently gone an interesting step further

in proposing an explicit scenario for how red complex plastids
have evolved: from red algae to cryptophytes by secondary en-
dosymbiosis, from nucleomorph-bearing cryptophytes to a sub-
group of the stramenopiles by tertiary endosymbiosis (more
specifically, to an ancestor of modern-day photosynthetic ochro-
phytes), and from stramenopiles to haptophytes by quaternary
transfer. Their novel statistical approaches add empirical meat to
earlier, largely speculative, proposals for the serial transfer of
plastids (e.g., refs. 15 and 63). They also speak to the importance
of a well-known but often neglected aspect of algal evolution:
nucleus-to-nucleus gene transfer.

The Fate of Endosymbiotically Derived Nuclei and Their
Genes
The evolution of a complex alga entails two rounds of EGT, first
the movement of genes from the cyanobacterium-turned-plastid
to the primary algal nucleus, and second from the primary nu-
cleus to the secondary host nucleus (Fig. 1). In most complex
algae the second wave of EGT has gone to completion: all es-
sential genes for the maintenance of the plastid now reside in the
secondary nucleus, and their protein products are imported to
the organelle in a stepwise fashion as described above. Se-
quenced nucleomorph genomes from cryptophytes and chlorar-
achniophytes are all <1-Mb pairs in size and possess at most
∼500 genes and ∼30 genes for plastid-targeted proteins (44, 75–
79). Consequently, the cyanobacterial footprint in the host nu-
clear genomes of complex algae should be roughly similar to that
found in primary plastid-bearing algae, assuming their plastid
proteomes are similarly sized (i.e., comprised of 1,000 or more
proteins; see below). Less attention has been paid to the fate of
eukaryotic genes transferred from one nucleus to the other.
Stiller et al. (74) probe the genomic footprint of serial endo-

symbiosis in an unorthodox fashion. They capitalize on the
strong correlation that exists between (i) the overall similarity
between a given query genome and a target group of genomes
(inferred by top BLAST hits) and (ii) the size of the sequence
database for that target; basically, the larger the number of target
genes and genomes, the more likely it is that top matches be-
tween query and target will be obtained by chance (80). This
correlation was used to identify “outlier” relationships between
CASH taxa: that is, relationships between specific (and appar-
ently distantly related) algal groups that rise above statistical
background. It is the identification of these outliers that lead
Stiller et al. (74) to posit specific serial endosymbiotic interac-
tions (and EGT events) between cryptophytes, plastid-bearing
stramenopiles (ochrophytes), and haptophytes. The sequence of
events is polarized with cryptophytes as the source of the original
red algal secondary plastid mainly because of the presence of a
nucleomorph in this group. Interestingly, when the authors ex-
clude genes involved in photosynthesis from their analyses, a
significant EGT signal can still be detected between cryptophytes
and plastid-bearing stramenopiles, but not between cryptophytes
and plastid-lacking stramenopiles, which we would expect to see
if endosymbiosis predated the divergence of photosynthetic and
nonphotosynthetic stramenopile lineages.
These analyses are far outside the box of standard phyloge-

nomic procedures. As such, they beg numerous questions. First
and foremost, what is the precise nature of the data that is giving
rise to the signal? What do we see when we look at the genes
underlying the statistically significant outlier relationships be-
tween specific CASH taxa? It is too early to say, but at face value
one important message seems to be that serial endosymbioses
involve the transfer and retention of genes of eukaryotic ancestry
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from donors to recipients. Left undetected, such transfers have
the potential to greatly confound phylogenomic analyses. So how
big is this eukaryotic footprint, how important is it, and how good
are we at detecting it?
Detailed insight into the fate of endosymbiotically derived

genes in complex algae has come from investigation of the
nuclear genomes of two independently evolved nucleomorph-
bearing algae, the chlorarachniophyte Bigelowiella natans and the
cryptophyte Guillardia theta (81). From a set of ∼6,200 and 7,500
broadly distributed proteins in B. natans and G. theta, re-
spectively, 353 (5.7%) and 508 (6.8%) were found to be of clear
algal endosymbiont origin (81). One curious observation is that
genes of apparent green and red algal ancestry were found in
both genomes. (Recall that B. natans has a green algal-derived
plastid and nucleomorph, whereas G. theta has a plastid and
nucleomorph of red algal origin.) This red-green mosaicism
mirrors that seen in an earlier study (82) and in analyses of other
complex algae, such as diatoms (83, 84) and Chromera (85, 86).
The magnitude and significance of this red-green footprint is as
yet unclear, but it seems reasonable to assume that a good chunk
of it is the result of methodological artifacts and taxonomic
biases in the datasets presently available for analysis (see below
and refs. 2, 84, and 87 for discussion).
Setting aside for a moment the issue of red versus green, what

is interesting about the algal proteins in B. natans and G. theta is
the diversity of their subcellular locations. Only ∼20% of these
proteins were predicted to be plastid-targeted in each organism
and only 3% appear to be targeted to the periplastidial com-
partment (PPC), that is, the remnant algal cytosolic compart-
ment where the nucleomorph resides (Fig. 1). Proteins of algal
ancestry were also predicted to be targeted to the host ER/Golgi
apparatus and to the mitochondrion (81). The bulk of these algal
proteins—76% and 66% in B. natans and G. theta, respectively—
appear to be cytosolic. The secondary endosymbionts of both
organisms clearly contributed to biochemical pathways and pro-
cesses taking place in the host. Conversely, host-derived genes
appear to play a significant role in the maintenance of plastid-
and nucleomorph-associated processes in B. natans and G. theta,
and duplication of both host and endosymbiont-derived nu-
clear genes has resulted in the production of recently diverged
paralogs that appear to be targeted to different compartments in
the cell (e.g., the PPC and host cytosol) (81). These in silico
predictions need to be looked at much more closely, but the
emerging picture is one of mix-and-match biochemistry (Fig. 1).
A similar picture can be drawn from a recent study of EGT in two

tertiary plastid-bearing dinoflagellate lineages, the kareniaceans,
which have a haptophyte-derived plastid, and the so-called “dino-
toms,” dinoflagellates with diatom plastids (88). A merit of the
transcriptome-based datasets used in this analysis is that the tertiary
acquisitions are relatively recent and the donor lineages (haptophytes
and diatoms) are well defined, in principle making it easier to detect
EGT against the dinoflagellate nuclear genomic background. Burki
et al. (88) identified 90 and 9 examples of EGT-derived genes in the
host nuclear genomes of kareniaceans and dinotoms, respectively. As
in B. natans and G. theta, the predicted functions of at least some of
these EGT proteins extend beyond the plastid. Nevertheless, Burki
et al. (88) deemed the level of EGT to be low: 4.7% of analyzable
proteins in the kareniaceans (90 of 1,923 trees), ∼1% in dinotoms.
The dinotoms are interesting in that the diatom “endosymbiont” (it is
not clear whether “endosymbiont” or “organelle” is more appropri-
ate) possesses an apparently unreduced nucleus and mitochondrion
(55), which may partly explain the low levels of observed EGT.
The analyses of Burki et al. (88) underscore the complexity of

signals that invariably emerge from a careful gene-by-gene phy-
logenomic analysis that includes manual inspection. Most ana-
lyzable proteins yield phylogenies sufficiently poorly resolved
that no meaningful conclusions can be drawn, and there is a
background of phylogenetic noise, a variable number of trees in

which the proteins of interest branch robustly with homologs from
a wide range of prokaryotes and eukaryotes. It is usually not clear
where this “noise” ends and meaningful phylogenetic signal (in
terms of the proportion of total trees) begins. Considering these
and other factors, Burki et al. speculate that the impact of EGT on
the nuclear genomes of complex algae has been more modest than
often stated, “. . .in the range of a few hundred genes or less” (88).
This may be so, but we still need to account for the large size

of the organellar proteomes in complex algae and their ante-
cedents in primary plastid-bearing algae. Curtis et al. predicted
no fewer than ∼1,000 and 2,400 nucleus-encoded, PPC-/nucle-
omorph-targeted proteins in B. natans and G. theta, respectively,
and ∼700 plastid-targeted proteins each (81). In a companion
study, a proteomics approach was used to identify ∼300 candi-
date plastid-PPC-nucleomorph proteins in B. natans (89).
A thorough investigation of two diatoms predicted 900–1,000
nucleus-encoded, plastid-targeted proteins, comprising no less
than ∼8% of the genes in the Thalassiosira pseudonana and
Phaeodactylum tricornutum genomes (90). These numbers are
similar to the ∼1,000 predicted plastid proteins in the green alga
Chlamydomonas reinhardtii (∼7% of the total gene number),
∼900 of which are experimentally verified (see ref. 23 and ref-
erences therein). All things considered, even accounting for
proteins encoded in the plastid (43, 91) and nucleomorph ge-
nomes (44, 75), there are nowhere near enough host nucleus-
encoded algal proteins to service the plastid and PPC-nucleo-
morph compartments of B. natans and G. theta (and as noted
above, only 20–25% of the identified algal proteins actually are
predicted to be targeted). So from which nuclear genome, host or
endosymbiont, do the bulk of the missing genes ultimately derive?
Secondary host nuclear genes have clearly been recruited to

function in the endosymbiont-derived compartments in both
G. theta and B. natans, for example, via gene duplication and
differential targeting of paralogs (81). It may be that much, or
even most, of the organellar proteomes of these and other
complex algae are made up of host-derived proteins. However,
the “repurposing” of endosymbiont-derived proteins has also
clearly taken place, and there is no obvious reason to assume that
during the course of host–endosymbiont integration, the plastid
and PPC-nucleomorph proteomes (which were already large at
the time of secondary endosymbiosis) were heavily modified by
proteins of host origin but that the host cell was somehow not
similarly impacted in reverse. After all, the evidence for exten-
sive nucleus-to-nucleus gene transfer in the evolution of complex
algae is beyond refute—nucleomorphs have either disappeared
entirely or become frozen in a highly reduced state (81)—and
mechanistically the DNA transfer process must surely be random
with respect to the biochemical functions of the migrating genes.
Either the cryptophyte and chlorarachniophyte host cells have
donated many more proteins to their endosymbionts than vice
versa, or the algal footprint in the nuclear genomes of these two
lineages (and presumably other complex algae) has been vastly
underestimated. The truth is probably somewhere in between,
and the implications are significant.

Gene Transfer and Genome Mosaicism: Causes and
Consequences

. . . we probably need to keep our expectations more relaxed when it
comes to the phylogenetic behavior of genes that eukaryotes acquired
from plastids and mitochondria. If we do that, endosymbiotic theory
explains a lot as it is.

Zimorski et al. (2)

The presence of red and green genes in independently evolved
complex algae is vexing. It has been explained as a consequence of
phagotrophy in the case of green plastid-bearing mixotrophic
chlorarachniophytes (82) and it has prompted proposals for the

10150 | www.pnas.org/cgi/doi/10.1073/pnas.1421374112 Archibald

www.pnas.org/cgi/doi/10.1073/pnas.1421374112


existence of a cryptic green algal endosymbiont in an ancestor of red
plastid-bearing algae (e.g., refs. 83 and 92). The reality is that there
are lots of possible explanations, both biological and experimental
(84, 85, 87, 93, 94), and when strict a priori criteria are applied, such
as requiring that algal genes be present in two or more primary
plastid-bearing groups to be considered algal (e.g., ref. 84), thou-
sands of candidate EGTs quickly becomes hundreds (87).
Nevertheless, as I have argued above, if we keep tabs on the

number of nucleus-encoded proteins required to sustain primary
and complex plastids, the algal footprint seems insufficient. The
number of genes that we can unambiguously track (by careful
phylogenomic analysis) from cyanobacteria to the nuclear ge-
nomes of red and green algae and on to complex algae is small,
but this does not mean that these are the only genes that were
inherited from reds and greens. The cellular mergers we are trying
to dissect are ancient, and it is important to consider how much
the nuclear genomes of present-day donor and recipient lineages
actually reflect those at the time of serial endosymbiosis. If the
situation is even remotely like that in prokaryotes, where mosaic
genomes are the norm (see refs. 2 and 95 and references therein),
then the answer may be “not very much.” If on top of EGT we add
horizontal gene transfer (HGT) before, during, and after serial
endosymbiotic events, the challenge of quantifying the endosym-
biotic footprint in complex algae becomes even more difficult.
What is the evidence that HGT leads to algal genome mosai-

cism? Prokaryotic contributions to the nuclear genomes of diatoms,
dinoflagellates, glaucophytes, and red algae have been documented
(e.g., refs. 37 and 96–98). How substantial these contributions are is
debatable; methodologies and datasets used to detect HGT vary, as
do interpretations of the data. At any rate, evidence suggests that
algal genomes can be remarkably dynamic over short evolutionary
timescales. For example, two strains of the planktonic green alga
Micromonas, whose small subunit ribosomal RNA genes are ∼97%
identical, share only 90% of their genes (99). In an analysis of ge-
nome sequences from more than a dozen strains of the haptophyte
Emiliania huxleyi, Read et al. found that almost 25% of genes
present in the reference genome were not found in at least three
other strains (100). These authors went as far as to invoke the
concept of the “pan-genome,” now broadly accepted for pro-
karyotes as the sum-total of genes present in a species, only a small
subset of which is actually present in a given strain (101).
There is (and should be) debate over the frequency and detection

of HGT in eukaryotes. However, the evidence that prokaryote-to-
eukaryote and eukaryote-to-eukaryote transfer happens is now
overwhelming and it is not limited to single-celled organisms (see
refs. 102 and 103 and references therein). HGT is known to have
played a role in lineage-specific adaptations via transfer of meta-
bolic enzymes (104) and it can also impact classic housekeeping
markers, such as tubulin (105). We should also not discount viruses
as agents of HGT in eukaryotes as they are in prokaryotes. For
example, the cryptophyte G. theta and the haptophyte E. huxleyi
were recently shown to possess genes derived from nucleocyto-
plasmic large DNA viruses (megaviruses). The G. theta genome
possesses a gene encoding a megavirus-type D5 primase/helicase,
which appears to have replaced the standard archaeal-eukaryotic
DNA primase gene (106). An analysis by Yutin et al. (107) showed
that megaviruses, such as the recently described pandoravirus (108),
have acquired numerous genes from their amoeba hosts, including
transcription and translation factors. It is not unreasonable to think
that they could mediate the spread of such genes within and be-
tween distinct eukaryotic lineages.
It is also not unreasonable to ask how much EGT and HGT

contamination exists in the large protein supermatrices used to
construct global eukaryote phylogenies. Recent work from Katz
and Grant (109) serves as a cautionary tale. Upon close in-
spection, these authors found that ∼10% of 1,554 genes present
in most or all of the major eukaryotic lineages showed evidence
of cyanobacterial EGT in photosynthetic taxa (109). Removal of

these genes changed the relative branching order of red, green, and
glaucophyte algae. Methods for the systematic detection of problem
genes exist (e.g., refs. 110 and 111) but concatenated datasets are
becoming increasingly unwieldy, and the possible reasons for in-
congruence between the data partitions within them are numerous
and not limited simply to nonvertical inheritance. We do the best we
can to rid our data matrices of obvious EGTs and HGTs, usually on
a taxon-by-taxon basis, acknowledging that factors influencing se-
quence evolution can change dramatically when a gene moves from
one genome to another. However, we are only as good at detecting
incongruence as our methods allow us to be, and we are invariably
dependent on an imperfect phylogenomic framework when deciding
whether a given protein should be retained or excluded. Prokaryote-
to-eukaryote HGTs are the easiest to detect and are arguably more
likely to impart useful novelty to their recipients. Eukaryote-to-eu-
karyote transfers should be easier in that the donors and recipients
are more closely related and have more compatible gene-expression
systems; they will also be harder to detect. These factors apply
equally well to genes acquired by HGT and EGT.
All this could mean that the spread of complex plastids by

serial endosymbiosis is even more convoluted than even the most
complex models propose. Or it could mean that it is simpler. It
will be interesting to see how the outlier data of Stiller et al. (74)
stack up against traditional gene-by-gene phylogenomic results,
including the “rhodoplex hypothesis” of Petersen et al. (112).
These are hypotheses that can be tested by seeing whether there
are indeed significant patterns of gene exchange between candidate
plastid donors and recipients. We still need to account for the
presence of the conserved multiprotein translocon SELMA in
CASH taxa (71). Is it simply nucleus-to-nucleus EGT? There is
precedent for this if we consider genes encoding the core compo-
nents of the TIC and TOC translocons, widely considered markers
for the uniqueness of primary plastid evolution. Although TIC-
TOC evolved only once, the genes for TIC-TOC components have
passed from endosymbiont to host on multiple occasions; that is, in
the green algal secondary plastids of chlorarachniophytes (and
presumably euglenids as well) (67) and at least once into the red
complex plastid line (3). The precise history of the TIC-TOC and
SELMA translocons in red complex plastids remains to be de-
termined, but it would be a mistake to dismiss nucleus-to-nucleus
EGT as an explanation for their dispersal. Zimorski et al. (2) wisely
caution against expecting too much from individual gene trees. If
we relax our expectations, endosymbiotic theory does indeed ex-
plain a lot. However, it still has some explaining to do.

Are All of the Players at the Table?
With the now substantial number of organellar and nuclear genome
sequences available for study, it is tempting to assume that we have
enough data; we just need to figure out what it all means. In that
regard we are regularly proven wrong, however, as underscored by
exciting discoveries from the realm of uncultured phototrophs. For
example, the rappemonads are a recently named group of marine
and freshwater plastid-bearing eukaryotes whose plastid ribosomal
RNA sequences ally them with haptophytes and cryptophytes (113).
Essentially nothing is known about their biology and it will be im-
portant to determine the nature of the host cell in which these
plastids reside. Janouškovec et al. recently showed that prokaryotic
environmental sequence datasets in fact contain thousands of plastid-
derived sequences mislabeled as “novel bacteria” (114). Analysis of
these “new” sequences revealed the existence of a rich diversity of
organisms related to apicomplexans, far beyond Chromera and
Vitrella (47, 48).
Research over the past decade has also revealed the presence of

heterotrophic protist lineages with phylogenetic affinities to second-
ary plastid-harboring groups. These groups include the telonemids,
centrohelids, katablepharids, and Picomonas (32, 115–118). As protist
taxonomic sampling continues to expand, plastid-bearing lineages
such as the cryptophytes have begun to look increasingly like isolated
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photosynthetic tips on a tree comprised mainly of heterotrophic
branches. This contrasts the situation described above for apicom-
plexans, where the phylogenetic neighborhood is steadily being filled
in with photosynthetic members. The bottom line is that the pool of
unexplored eukaryotic biodiversity is deep, and it is both sobering and
exhilarating to realize that we have only begun to dip beneath its
surface. Rapidly advancing genomic and metagenomic technologies
will yield sequence data from these depths sooner rather than later,
and will no doubt force us to adjust our framework for interpret-
ing the diversification of photosynthetic life on Earth. In some ways,
the field of eukaryotic comparative genomics is in the same place
the field of prokaryotic genomics was 20 years ago, grappling with

the relative importance of vertical versus horizontal inheritance, and
knowing that we have only glimpsed the true diversity of organisms
that exist and must be accounted for.
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