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Abstract

Plastids (chloroplasts) have long been recognized to have originated by
endosymbiosis of a cyanobacterium, but their subsequent evolutionary
history has proved complex because they have also moved between eu-
karyotes during additional rounds of secondary and tertiary endosym-
bioses. Much of this history has been revealed by genomic analyses,
but some debates remain unresolved, in particular those relating to
secondary red plastids of the chromalveolates, especially cryptomon-
ads. Here, I examine several fundamental questions and assumptions
about endosymbiosis and plastid evolution, including the number of
endosymbiotic events needed to explain plastid diversity, whether the
genetic contribution of the endosymbionts to the host genome goes far
beyond plastid-targeted genes, and whether organelle origins are best
viewed as a singular transition involving one symbiont or as a gradual
transition involving a long line of transient food/symbionts. I also dis-
cuss a possible link between transporters and the evolution of protein
targeting in organelle integration.
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Plastid: generic term
for organelles derived
from endosymbiosis of
a cyanobacterium,
including chloroplasts,
leukoplasts,
rhodoplasts,
apicoplasts, etc.
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INTRODUCTION

It is a common misperception that evolution is
going somewhere in particular, when instead
much about the history of life has been com-
plicated and unpredictable. The evolutionary
history of plastids—particularly what we have
learned in the past 10 years through advances
as diverse as improved high-throughput
sequencing and a growing reappreciation of
species discovery and natural history—is a good

example: Major transitions in evolution do
include adaptations of remarkable importance,
but they also include reversals, redundancy
and waste, improbable complexities, and often
more chance than necessity.

Many of the complexities of plastid evolu-
tion stem from the fact that it is also a story of
symbiosis. That plastids arose through the en-
dosymbiotic uptake of a cyanobacterium is now
past any serious debate. This initial endosym-
biosis was one of the more important events
in the evolution of life; by itself, however, it ex-
plains only a fraction of plastid diversity because
plastids then spread endosymbiotically to other
eukaryotes. Here, I briefly review the main en-
dosymbiotic events that led to the current di-
versity of plastids, including some of the more
contentious outstanding questions, but also fo-
cus on the actual process of endosymbiosis and
the implications of different models of plastid
origin in plant and algal genomes.

THE ENDOSYMBIOTIC
BUILDING BLOCKS OF
PLASTID EVOLUTION

The single most confounding factor in plastid
evolution is the simple fact that, although plas-
tids may all be closely related, the algae that
contain them are not (Figure 1). This is be-
cause plastid evolution has included multiple
layers of endosymbiotic events.

Primary endosymbiosis, the ultimate source
of photosynthesis in eukaryotes, refers to the
uptake and retention of a cyanobacterium by a
eukaryote. The plastids of land plants and green
algae, red algae, and glaucocytophyte algae all
derive from primary endosymbiosis (Figure 2).
Much debate has led to a consensus that pri-
mary plastids originated from a common an-
cestor. This issue is not covered here because it
has been discussed in detail elsewhere (62, 84)
(see also sidebar, Paulinella).

Primary endosymbiosis led to a plastid
bounded by two membranes. It is difficult to
trace the history of membranes through this
process, but based on the presence of certain
lipids and membrane proteins (in particular
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Figure 1
Tree of eukaryotes with plastid lineages. This hypothesis for relationships between major eukaryotic lineages
is a synthesis of many studies based on large phylogenomic analyses or rare genomic characteristics. Dotted
lines denote particularly contentious relationships, and in some cases two conflicting possibilities are shown.
Colored boxes denote supergroups, including the more disputed hacrobians, which are shown because there
is not yet a viable alternative. Chromalveolates would be equivalent to the Hacrobia and SAR
(stramenopile-alveolate-rhizarian) groups combined. The membrane structure and origin of plastids (where
known) are shown at the periphery. The primary plastids with two membranes are found in the
archaeplastids (green, red, and cyan), and a second independent primary plastid is found in the rhizarian
euglyphid Paulinella (see sidebar, Paulinella). Secondary plastids are found in SAR organisms, cryptomonads
and haptophytes (both hacrobian), and euglenid excavates. The secondary plastids show the membrane
number and whether nucleomorphs are present, and the color indicates whether they are derived from green
or red algae. Plastids in apicomplexans and perkinsids are derived from a red alga, but are shown in white to
indicate they are now all nonphotosynthetic.
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PAULINELLA

The long debate over whether plastids arose from a single pri-
mary endosymbiosis has focused almost exclusively on the plastids
of glaucophytes, red algae, and green algae, but one strange and
fascinating amoeba has much to say on this issue. Paulinella chro-
matophora was characterized more than a century ago (85, 100).
It is a euglyphid testate amoeba (a shelled rhizarian amoeba) but
is different from its kin in possessing two bean-shaped photosyn-
thetic compartments called chromatophores. Chromatophores
are vertically inherited and tied to host division (75, 76). These
were recognized as functionally like plastids but more closely
resemble the cyanobacterium Synechococcus (75, 76), which was
borne out by molecular analyses (90). The key question of
whether the chromatophore was genetically integrated with its
host (e.g., are there nucleus-encoded chromatophore-targeted
proteins?) was suggested by the absence of certain genes from
the chromatophore genome (113), and recent studies suggest that
protein targeting may well occur (106, 112, 114). If this is con-
clusively demonstrated, then there is no argument to not refer to
this as a second independent origin of plastids.

Primary
endosymbiosis:
plastid origin in which
a eukaryote takes up a
photosynthetic
cyanobacterium,
resulting in a primary
plastid

Transit peptide:
N-terminal protein
extension that is
recognized by the
TIC/TOC complexes
for posttranslational
protein import into
plastids

Secondary
endosymbiosis:
plastid origin in which
a eukaryote takes up
another eukaryote
already containing a
primary plastid,
resulting in a
secondary plastid

beta barrel proteins, such as Toc75) (69, 134),
it is most likely that the two membranes
of primary plastids correspond to the two
membranes of the gram-negative cyanobac-
terial cell (21). Assuming the endosymbiont
was taken up by phagocytosis, this in turn
suggests that the phagosomal membrane that
would have originally surrounded the new
endosymbiont was lost, which was likely an
extremely important event in the transition
from “food” to “organelle.” This transition
is often erroneously represented in textbook
diagrams of endosymbiosis, which show the
cyanobacterium with a single membrane and
the outer membrane of the plastid deriving
from the phagosome (e.g., 39).

The dominant mode of evolution in the
symbiont in the early stages of the integra-
tion was reduction, and many genes that were
unnecessary in the new intracellular environ-
ment were simply lost. However, many other
genes were transferred from the symbiont to
the host nucleus (25). Once expressed, the prod-

ucts of some of these genes were targeted
back to the integrating organelle in a process
nearly always mediated by an N-terminal ex-
tension called a transit peptide, which is rec-
ognized by protein complexes in the outer and
inner membranes of the plastid called TIC and
TOC (for translocon inner-membrane chloro-
plast and translocon outer-membrane chloro-
plast, respectively) (136). Based on the observed
presence of Chlamydia-like genes in plant and
algal lineages, it has also been suggested that
the ancestor of the host harbored another bac-
terial symbiont related to Chlamydiales (63,
105, 142), but there are many interpretations
of these data.

Up to this point, the origin of plastids
proceeded much as we imagine the origin of
mitochondria did, with one important excep-
tion: Whereas mitochondria originated very
early in eukaryotic evolution and the resulting
organelle is still found in all known eukaryotic
lineages (132, 148), plastids originated some-
what later. This has one important implication,
namely that some eukaryotes had plastids and
others did not, which is significant because
it creates conditions favoring the spread of
plastids between lineages, a process called sec-
ondary endosymbiosis. In this case, a primary
alga is itself swallowed by another eukaryote
and then reduced and integrated within its new
host in ways superficially similar to primary
endosymbiosis (74, 97). There is, however, one
difference that proves critical for how the inte-
gration proceeds, which is that the phagosomal
membrane surrounding the secondary plastid
is not lost, leading to plastids with four mem-
branes: the two original plastid membranes,
the plasma membrane of the endosymbiotic
alga, and the phagosomal membrane of the
secondary host (96). In two lineages, the di-
noflagellates and the euglenids, one membrane
has been lost (most likely the third from the in-
side, corresponding to the plasma membrane of
the algal endosymbiont, because targeting most
obviously requires the other three membranes),
resulting in three membranes (23, 107, 137).

As with the primary endosymbiont,
many genes were lost from the secondary
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Bipartite targeting
peptide: leader on
proteins targeted to
secondary plastids,
consisting of a signal
peptide followed by a
transit peptide

Signal peptide:
N-terminal protein
extension that is
recognized by the
signal recognition
particle and
cotranslationally
inserted into the
endomembrane system

endosymbiont and many others were trans-
ferred to the host nucleus. Because most genes
for plastid-related proteins had already been
relocated to the primary algal nucleus, in sec-
ondary algae genes for plastid-targeted proteins
have generally moved and their products have
been retargeted twice (3, 4, 27, 50). However,
the retention of the phagosomal membrane
around secondary plastids puts secondary plas-
tids on a completely different footing with their
host: Primary plastids are in the cytoplasm,
but secondary plastids are topologically within
the lumen of the endomembrane system.
Accordingly, nucleus-encoded plastid-targeted
proteins in secondary algae have a bipartite
targeting system. Plastid-targeting leaders are
composed of a signal peptide (which targets
the proteins to the endomembrane system) fol-
lowed by a transit peptide–like sequence (which
targets them to the plastid) (2, 82, 137, 146).

MULTIPLE SECONDARY
ENDOSYMBIOSES—BUT
HOW MANY?

Secondary endosymbiosis is known to have
taken place more than once, but the exact
number of secondary endosymbiotic events
remains contentious. We know that it oc-
curred multiple times because both green and
red algae have been taken up in secondary
endosymbiotic events (Figure 2) (74, 81, 97).
From an evolutionary perspective, this is fortu-
itous because it allows us to compare the effects
of multiple independent secondary endosym-
biotic events to differentiate general principles
from isolated events. In the case of green algal
symbionts, there is now broad consensus from
all available evidence that the two lineages
with green secondary plastids—the euglenids
and the chlorarachniophytes—acquired these
plastids independently. Indeed, phylogenetic
trees based on whole plastid genomes also show
that they are not specifically related within the
green algae (126), and the hosts are also phy-
logenetically distant: Euglenids are related to
trypanosomes in Excavata, whereas chlorarach-
niophytes are cercozoan amoebae in Rhizaria

(Figure 1) (9, 73, 80, 87). The membrane
structures of these green plastids are also differ-
ent: Euglenid plastids have three membranes,
whereas chlorarachniophyte plastids have four
and also retain a relict green algal nucleus
called a nucleomorph (43), which is absent in
euglenids.

The evolution of red algal secondary plastids
is more contentious, mostly because the host
phylogeny is still unsettled but also because
there are more lineages and likely more ancient
events to consider. Red secondary plastids are
found in cryptomonads (which also contain a
red nucleomorph), haptophytes, stramenopiles,
and dinoflagellates, all of which are also charac-
terized by the unique presence of chlorophyll
c (22, 71). Cryptomonad, haptophyte, and
stramenopile plastids also share a common
structure with four membranes, the outermost
of which is connected to the endomembrane
and the nuclear envelope (23, 24), but dinoflag-
ellate plastids are bounded by three membranes
(107). The last group with a red algal plastid
is the apicomplexans, a lineage of obligate
intracellular parasites including important
pathogens (e.g., Plasmodium and Toxoplasma).
The discovery of the four-membrane apicom-
plexan plastid nearly 20 years ago (83, 98, 150,
151) and the ensuing debate over whether it
derived from a green alga or a red alga (150)
catalyzed advances in the field by accelerating
comparative plastid genomics. This debate was
ultimately resolved by the discovery of new
lineages of still-photosynthetic apicomplexan
relatives (68, 103) (see below), underscoring the
importance of continuing field-based species
discovery.

The debate over even this most basic feature
of apicomplexan plastid evolution is a relatively
simple problem compared with the larger issue
of how many endosymbiotic events are needed
to explain the whole diversity of red secondary
plastids. In its current form, this debate centers
on two independent but potentially compatible
hypotheses: the hacrobian hypothesis and the
chromalveolate hypothesis. Although both are
extremely contentious, they serve a useful pur-
pose as null hypotheses.
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THE HACROBIAN HYPOTHESIS

The core point of the hacrobian hypothesis
(116) is that two major algal lineages, the cryp-
tomonads and the haptophytes, share a com-
mon ancestor, as do their plastids. This idea
stemmed from the shared unique presence of a
horizontally transferred rpl36 in the plastids of
cryptomonads and haptophytes (125) together
with phylogenomic analysis that united these
lineages in both nuclear and plastid trees (49,
68, 119). These data appeared to offer a well-
supported and consistent view, but this concept
has since become more complex.

First, a number of heterotrophic lineages
were added to this hypothetical grouping based
on nuclear phylogenomic analyses (16, 18): the
katablepharids, telonemids, centrohelids, and
biliphytes [the biliphytes, or picobiliphytes,
were originally described as a photosynthetic
taxon (111), but single-cell genomic data now
suggest that they lack plastids (155)]. The
strength of these associations is variable, with
only the katablepharids being unquestionably
related to cryptomonads (18, 77, 116). The
absence of plastids in at least some of these
lineages (18, 155) complicates the simple view
that the hacrobian plastids are monophyletic.
Second, recent phylogenomic analyses of
nuclear genes have called the monophyly of the
host lineages into question. Specifically, and in
contrast to initial analyses that supported the
hacrobians as a group (49, 119), recent analyses
split them into two subgroups: the cryptomon-
ads (together with the katablepharids and

perhaps the biliphytes) and the haptophytes
(perhaps together with telonemids and cen-
trohelids), with the cryptomonads branching
with archaeplastids without significant statis-
tical support (18). This conflicts with plastid
phylogenies, which put cryptomonads and
haptophytes together with strong support (68).

Altogether, the hacrobian hypothesis
remains unresolved, and—getting back to
the core issue of the common ancestry of
cryptomonads and haptophytes and their
plastids—the implications of potentially differ-
ent signals from plastid and nuclear sequences
require further investigation. All of this focuses
attention on the position of the cryptomonads
as one of the greater mysteries in the tree of
eukaryotes (18).

THE CHROMALVEOLATE
HYPOTHESIS

The chromalveolate hypothesis refers to the
idea that all red secondary plastids can be
traced back to a single endosymbiotic event
(23). In practice, this has been tested mostly
by examining whether all lineages with red
algal secondary plastids (and all lineages
demonstrated to be closely related to any of
them) are closely related in both plastid and
nuclear gene trees. Although this is a good first
approach, a better test is to examine whether
their plastid-targeting systems are homolo-
gous, as was done to test the monophyly of
mitochondria and hydrogenosomes (122).

−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−→
Figure 2
Schematic depicting major endosymbiotic events in plastid evolution. At the top, primary plastids originated through the
endosymbiotic integration of a cyanobacterium, resulting in two-membrane plastids in glaucophytes (which retain the peptidoglycan
wall between the two plastid membranes), red algae, green algae, and their close relatives, the land plants. Green algae were integrated
in two independent secondary endosymbioses, giving rise to plastid-bearing euglenids and chlorarachniophytes (middle right). The
origin of red algal secondary plastids (middle left) is more contentious, in particular regarding whether the cryptomonad and haptophyte
plastids (dashed red lines) originated from the same endosymbiosis as those of stramenopiles and alveolates (the latter consisting of
ciliates, apicomplexans, and dinoflagellates). An additional round of endosymbiosis occurred in dinoflagellates (bottom). Serial secondary
endosymbiosis involved the integration of another primary plastid (a green alga), resulting in Lepidodinium. Tertiary endosymbiosis
involved the integration of another secondary alga. The greatest degree of integration involves a haptophyte, but other putative tertiary
plastids were acquired from cryptomonads and diatoms. Independent of this entire history, another primary endosymbiotic origin of
plastids in the euglyphid testate amoeba Paulinella appears to be under way involving a cyanobacterium related to Synechococcus (bottom
right).
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The chromalveolate hypothesis has proved
to be extraordinarily provocative, but in polar-
izing the field it has also provoked a good deal
of constructive work on the evolution of algal
diversity. Many in the field have never accepted
the monophyly of these plastids; however,
it is useful to discuss both from a historical
perspective and because it has emerged as the
null hypothesis (like it or not, this group has
appeared in most “tree of eukaryotes” diagrams
in the past decade, with Figure 1 being
an exception). Moreover, even with much
skepticism, there is no single well-supported
alternative, and most criticism stems from data
failing to support the hypothesis rather than
actively supporting an alternative.

The Plastid Lineage and the
Chromalveolate Hypothesis

The chromalveolate group was initially pro-
posed to reduce the number of secondary
endosymbiotic events as much as possible (23).
The plastids also uniquely share the presence of
chlorophyll c, and cryptomonad, haptophyte,
and stramenopile plastids share a strikingly
similar membrane topology in relation to the
endomembrane and nuclear envelope (22, 24).
From molecular data, trees based on whole
plastid genomes have generally united cryp-
tomonads, haptophytes, and stramenopiles,
especially when analyzing genes related to pho-
tosynthesis, which tend to be more conserved
(51, 68, 126). But it has been nearly impossible
to evaluate how the alveolates (dinoflagellates
and apicomplexans) fit into this tree because
of the strange nature of their plastid genomes.
Apicomplexans, as intracellular parasites,
unsurprisingly have highly reduced plastid
genomes that lack photosynthesis-related
genes (78, 151). Dinoflagellates have even
stranger genomes, having moved most of
their genes to the nucleus and converted
the rest of their genome to small minicircles
(47, 156). The upshot is that apicomplexans
and dinoflagellates have almost no genes in
common, and neither group’s plastids are
readily comparable to those of other groups.

This dead end was initially sidestepped by
analyzing nucleus-encoded genes for plastid-
targeted proteins, which served as stand-ins for
the plastids themselves. Two enzymes provided
the first molecular support for the inclusion of
alveolate plastids: glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) and fructose-
bisphosphate aldolase (FBA) (35, 54, 120). The
phylogenetic null hypothesis for chromalve-
olate plastid-targeted proteins would be that
they are related to red algal plastid-targeted ho-
mologs that themselves derived from cyanobac-
teria. However, chromalveolate GAPDH and
FBA show different phylogenetic patterns.
Plastid-targeted GAPDH derived from a gene
duplication of an ancestral cytosolic copy
(35, 54), and plastid FBA in chromalveolates
derived from a class of FBA nonhomologous
to that found in plastids of green and red
algae (120). The history of GAPDH and FBA
within the chromalveolate groups is more
complex than originally thought (1, 139),
however, so how these characteristics relate to
the evolution of the organisms is no longer so
clear.

A somewhat more satisfying approach be-
came possible in recent years owing to the dis-
covery of new algal lineages that have provided
critical new plastid data. A survey of dinoflagel-
late symbionts of coral isolated two new photo-
synthetic species, and when their phylogenetic
position was determined, they were found to
be deep-branching relatives of apicomplexans
(103, 115). The plastid genomes of these organ-
isms, Chromera and Vitrella, were completely
sequenced and found to represent a much less
reduced and derived state than those of ei-
ther apicomplexans or dinoflagellates (68). In-
deed, these plastids bring together features of
both groups (including some nucleus-encoded
characteristics, like the proteobacteria-derived
RuBisCO formerly restricted to dinoflagel-
lates) and have fewer oddities than any other
known alveolate plastid (68). Accordingly, these
genomes allowed the first direct test of the com-
mon ancestry of alveolate plastids and those of
other chromalveolates, and analyses supported
the union of alveolate and stramenopile plastids
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but only weakly supported the chromalveolates
as a whole (68).

It is also noteworthy that the analysis of
Chromera and Vitrella effectively ended one
of the most long-standing and confounding
debates surrounding the chromalveolates: the
red versus green origin of the apicomplexan
plastid. Unsurprisingly, the discovery that
parasitic apicomplexans have a plastid initiated
a debate on what it was doing there. What was
surprising was how easy it was to explain its
functions (38, 123) but how difficult it was to
explain its origins. Although it was generally
accepted that the apicoplast originated by
secondary endosymbiosis (99, 150), there were
conflicting hypotheses as to whether this was a
red alga, and possibly related to dinoflagellate
plastids (42, 149), or a green alga, arising from
an independent endosymbiosis (41, 78). As
noted above, apicomplexan and dinoflagellate
plastid genomes are effectively impossible to
directly compare, so this deadlock was only
really resolved by the discovery of Chromera
and Vitrella. Both phylogenetic and character
analyses of these genomes together with those
of either apicomplexans or dinoflagellates indi-
vidually have shown beyond any serious doubt
that the apicoplast is indeed derived from the
same red alga as the dinoflagellate plastid (68).

The Host Lineage and the
Chromalveolate Hypothesis

Testing the chromalveolate hypothesis using
data from nuclear genomes has proved even
more difficult. Based on early single-gene trees
(144), concatenations of small numbers of
genes (55), and the distribution of the Rab1a
GTPase (31), the only consistent feature was
the monophyly of the alveolates and stra-
menopiles. With the advent of large phyloge-
nomic analyses, hundreds of nuclear genes were
brought to bear on the question, and one ma-
jor advance quickly emerged: the inclusion of
Rhizaria. Rhizaria is a large group of primar-
ily amoebae and amoeboflagellates of stunning
diversity—so diverse, in fact, that the super-
group was established solely on the grounds

of molecular phylogenetic data (19, 108) be-
cause no unique and common morphologi-
cal characteristic has been described. The first
phylogenomic analyses including rhizarian rep-
resentatives showed a strong relationship to
the alveolates and stramenopiles (19, 20, 49),
and this relationship has remained consistent
in subsequent studies that include many more
data from many additional rhizarian taxa (14,
16–18). Some variations in exactly how these
three groups are related have been observed,
but the most strongly supported analyses indi-
cate that alveolates and stramenopiles are sis-
ters, with rhizarians branching at their base.
This group has not been formally named but
is widely known as the SAR (stramenopile-
alveolate-rhizarian) clade.

The chromalveolate hypothesis is not sub-
stantially altered by the inclusion of rhizarians,
because it simply requires one more loss of an
ancestral red algal plastid (see below); however,
phylogenomic analyses of nuclear data from
hacrobian taxa have challenged the hypothesis.
As noted above, the first phylogenomic analy-
ses of nuclear data initially strongly supported a
union of cryptomonads and haptophytes but did
not resolve their relationship with other chro-
malveolates. Since then, the monophyly of the
hacrobians has also been challenged by nuclear
gene data (see above), but, more critically, so has
their relationship to chromalveolates: In some
analyses, haptophytes go with SAR but cryp-
tomonads do not (18), whereas in other analyses
neither goes with SAR (7). This debate remains
unresolved, because alternative positions have
also failed to gain any support, but it can be
said that large-scale phylogenomic data from
the nuclear lineage fail to support the chromal-
veolate hypothesis.

WHEN IS AN ENDOSYMBIOSIS
HYPOTHESIS PROVEN? THE
COMMON ANCESTRY OF THE
ALVEOLATE-STRAMENOPILE
PLASTIDS

The alveolate-stramenopile group that is sup-
ported by all analyses of plastid and cytosolic
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data (see above) captures most of the diversity
and controversy of the chromalveolate hy-
pothesis. For example, if one accepts that the
demonstrably related secondary red plastids of
these demonstrably related host lineages share
a common endosymbiotic ancestry, then the
ancestors of major nonphotosynthetic lineages
like ciliates (alveolates) and oomycetes (stra-
menopiles) must have had a plastid. Indeed,
many of the surprising implications of the
chromalveolate hypothesis are already manifest
in this reduced, “chromalveolate-light” version
of the hypothesis, but this relationship and
its implications are not widely discussed and
the implications are not entirely accepted.
This leads to the question, what would it take
to prove a common ancestral endosymbiotic
origin of such plastids?

Given the consistency of plastid and host
phylogenies, there are few specific reasons to
question the common ancestry of alveolate-
stramenopile plastids. But one issue that does
require discussion is the abundance of plastid-
lacking lineages within alveolates and stra-
menopiles and the fact that they appear to be
clustered basal to plastid-containing lineages
(e.g., ciliates at the “base” of alveolates and
oomycetes at the “base” of stramenopiles). This
can be interpreted as evidence for two indepen-
dent plastid origins late in the evolution of each
lineage (10, 34). However, any interpretation
hinges on a complete understanding of two is-
sues: the distribution itself and the likelihood of
events that lead to the distribution.

At first glance, the distribution seems
obvious—organisms either have plastids or do
not. But this is not so simple, because cryptic
plastids have been found in a variety of lin-
eages [e.g., perkinsids and apicomplexans (37,
98, 140, 151)]. The best-studied aplastidal alve-
olates and stramenopiles [e.g., the best-studied
ciliates and oomycetes (30, 142)] really do lack
plastids, but most others have not been investi-
gated in enough detail to be sure. At the same
time, when interpreting the distribution it is
important to think about the number of events,
and not the number of organisms with or with-
out plastids. Many ciliates may lack plastids, but

this could represent a single event of plastid loss,
and as such is no more unlikely than a plastid
loss from a single species.

Examining the distribution of plastid loss
events (or putative plastid loss, given that we
mostly cannot distinguish loss from severe re-
duction) on the alveolate-stramenopile tree also
reveals that the notion that they are basal is
questionable. In the stramenopiles, plastid loss
events within plastid-containing lineages are
known (as is the photosynthesis loss event), and
the number of these events is perhaps equal to
the number needed to explain the basal lineages
(8, 23, 45, 101, 131). In alveolates the situa-
tion is even more unbalanced: Ciliates are not
really basal to apicomplexans and dinoflagel-
lates so much as sister to them (Figure 1), and
plastid loss has happened several times in the
lineages leading to apicomplexans (e.g., Cryp-
tosporidium and Colpodella) and many more times
in the dinoflagellates (128). With alveolates and
stramenopiles related in both plastid and host
trees, why the one additional loss event to ac-
count for ciliates should be given any special
weight is unclear.

Interpreting the distribution of events also
requires weighting the likelihood of those
events, but we suffer from a near-complete lack
of understanding about the process of plastid
loss. Although there has been a great deal of
speculation about how plastids originate, little
concrete has been said about why or how they
are lost or what traces might be left behind.
Moreover, there are few cases where we can be
certain of the two prerequisites for concluding
that plastid loss occurred: that an organism’s
ancestor had a plastid and that that organism
now does not—one or both of which are often
murky questions.

Lastly, if one accepts the phylogenetic rela-
tionship between both host and plastid com-
ponents of the alveolates and stramenopiles,
then what is the alternative to concluding that
their common ancestor had the same plastid?
The only alternative model that is consistent
with the data at face value is that the plastid
originated in one lineage and was subsequently
transferred to the other by a process called
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tertiary endosymbiosis, which is discussed
below.

TERTIARY AND SERIAL
SECONDARY ENDOSYMBIOSIS

Tertiary and serial secondary endosymbioses
add yet more layers of associations after sec-
ondary endosymbiosis. Both are known only in
dinoflagellates, which ancestrally had a red sec-
ondary plastid, but a few lineages seemingly lost
or reduced this plastid and either took up an-
other secondary alga to form a tertiary plastid
or took up another primary alga to form a serial
secondary plastid.

Serial secondary endosymbiosis is gen-
erally thought to have occurred only once,
represented by the dinoflagellate genus Lepido-
dinium, where the ancestral red algal secondary
plastid has been replaced by a green algal
one (147). The Lepidodinium plastid genome
confirms its ancestry from a chlorophyte, and
analysis of its nucleus-encoded plastid-targeted
genes shows that it acquired genes from a
variety of sources (94, 102).

Truly unambiguous tertiary endosymbiosis
is only really known in one lineage of dinoflag-
ellates, represented by the genera Karenia and
Karlodinium, which have lost their ancestral
plastid and acquired a new one from a hap-
tophyte (141). The haptophyte is completely
reduced so that all that remains is the plastid,
but unfortunately the structure of the plastid is
poorly known, so the number and nature of the
membranes are uncertain. Neither is the nature
of protein targeting known, but, intriguingly,
the targeting peptides include a signal peptide
(indicating the plastid is in the endomembrane
system) followed by a sequence with little or
nothing in common with any known transit
peptide (121). It appears that this system uses a
targeting mechanism with at least some unique
elements, and it would be a worthwhile system
to use in studying possible alternative solutions
to the challenges of protein targeting.

Two other dinoflagellate lineages have un-
dergone similar processes, but neither is quite
as straightforward. Dinophysis has what may be
a tertiary plastid derived from a cryptomonad

(130), but there remains some debate as to
whether it is totally integrated or a transient
residue of feeding called a kleptoplast (48,
138). A different situation is again found in
another lineage of dinoflagellates, represented
by Kryptoperidinium and Durinskia, which have
acquired a plastid from diatoms (26, 29). There
is no question that these are permanent and
completely integrated into the dinoflagellate
host cell cycle, but in this case the diatom
retained its own nucleus and even intact
mitochondria (29, 65). It is unclear whether
there is any integration at the level of gene
transfer and protein targeting; if so, they defy
how organelles are most commonly defined.

Although tertiary endosymbiosis may be
evolutionarily rare and restricted to a handful
of dinoflagellate lineages, it is nonetheless
a potentially important process for our un-
derstanding of organelle integration. This is
the case because tertiary endosymbionts offer
two practical advantages as model systems.
First, because the events took place relatively
recently, they might offer intermediate stages
in the integration process, and fewer clues
will have been erased by time, as is inevitable
with more ancient endosymbioses. Second,
the phylogenetic identities of both hosts
and endosymbionts are well known (26, 66,
67, 141). This is important in allowing the
unambiguous identification of endosymbiont-
derived genes, and in testing hypotheses about
the endosymbiont’s genetic contribution and
the order of events that take place during the
integration process (see below).

A better understanding of known cases of
tertiary endosymbiosis is also potentially im-
portant to explain incongruences between plas-
tid and nuclear gene phylogenies. We currently
have an unsatisfying situation where one gets
the sense that many people working in the field
believe that certain secondary plastids might
really be cryptic tertiary plastids, but there are
strikingly few cases where this has been specif-
ically spelled out in the literature, and even
those attempt to explain different plastids for
different reasons (5, 12, 154). These hypotheses
generally stem not from actively contradictory
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phylogenies but rather from phylogenies that
fail to resolve the position of the host lineage.
Tertiary endosymbiosis has also never been
observed outside of dinoflagellates, and even
there it is rare, so extending it to other lineages
should be based on observed similarities.
However, what we do know about the nature
of tertiary plastids is inconsistent with what we
know about secondary plastids: For example,
tertiary plastids do not appear to possess plastid
membrane structures or plastid-targeting sys-
tems like those of secondary plastids (29, 121).

So although cryptic tertiary endosymbiosis
remains a formal possibility to be explored with
actual data, it is not a quick fix. Known tertiary
plastids need to be studied in much greater
detail, and direct evidence for contradictions
between plastid and host phylogenies that point
to a specific tertiary event needs to be tested.
Most important, the evolutionary origins of
plastid-targeting systems should be explored in
much more detail. Neither phylogenies of host
genes nor those of plastid genes can formally
disprove the monophyly or polyphyly of chro-
malveolates: Phylogenies that favor cryptic
tertiary endosymbioses can infinitely account
for monophyletic plastids, whereas those that
favor plastid loss can infinitely account for
polyphyletic (or paraphyletic) hosts. Targeting
systems might offer the clearest data on the
origins of diverse plastids.

THE PROCESS OF
ENDOSYMBIOSIS AND
PLASTID ORIGINS

It is easy to say plastids originated by “en-
dosymbiosis,” but we seldom ask what that
really means. There are many possible ways to
integrate two cells, and as is often the case with
evolution, the order of events in a transition
is critical to the details of its outcome. Below,
I question several common assumptions and
their implications.

How Much Does an Endosymbiont
Contribute to Its Host?

It has long been clear that the genetic contribu-
tion of an endosymbiont to its host goes beyond

just genes for proteins that are targeted back to
the plastid (e.g., 93), but exactly how significant
this additional contribution may be is a major
question. This issue becomes more complex
in secondary (and tertiary) endosymbioses,
because nonplastid genes ultimately derived
from the cyanobacterial symbiont may have
been acquired in addition to genes from the en-
dosymbiont (green or red algal) nuclear lineage.
Understanding this process is key to both how
we understand the process of endosymbiosis
and how we reconstruct its evolutionary his-
tory. This is because the existence of significant
numbers of such endosymbiotic genes in the
host nuclear genomes have been not only in-
ferred but also used as evidence for a number of
evolutionary scenarios that fall broadly into two
categories: that known endosymbiotic events
may be older than they seem, and that other
cryptic endosymbiotic events also took place.
These are reviewed in the next two sections.

How old are known secondary symbioses?
It has been argued that a number of nonpho-
tosynthetic lineages were once photosynthetic,
based on the inferred presence of nucleus-
encoded genes believed to be derived from a
now-lost or cryptic symbiont (37, 95, 124, 133,
142). Typically, the nonphotosynthetic lineage
is closely related to an algal group, so the argu-
ment is not for a previously unrecognized en-
dosymbiosis but rather for a known endosym-
biosis having taken place earlier than previously
thought. It is also important to note that these
genes are typically not argued to function in an
existing plastid, or even to have once functioned
in a plastid; instead, they are thought to be
simple genes with some phylogenetic affinity to
cyanobacteria, plastids, or the nuclear lineage
of a secondary symbiont (i.e., “red” or “green”).

One of the first such suggestions was
that the largely parasitic kinetoplastids (e.g.,
Trypanosoma) had once contained the green
algal–derived plastid still found in their sis-
ter group, the euglenids (53, 92). This was
based on the conclusion that genes in try-
panosomes showed some kind of relationship to
“green” genes in phylogenetic reconstructions.
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However, closer inspection of most of these
genes showed that they did not support this
conclusion (i.e., the trypanosome gene was not
actually closely related to a green homolog)
or were misleading owing to poor sampling
(32, 127). In addition, this ancient origin of
the green plastid was not supported by the
biology and distribution of plastids within the
euglenid lineage, which strongly suggested that
the plastid was acquired relatively recently,
probably owing to the evolution of eukary-
otrophy occurring within the diversification of
euglenids rather than before (86).

The discredited idea that trypanosomes
once contained a plastid should be kept in mind
when interpreting such phylogenetic data, be-
cause a number of similar cases have been made
for various chromalveolate subgroups. As noted
above, the chromalveolates include a number
of nonphotosynthetic lineages. Within the
framework of the chromalveolate hypothesis
(or the “chromalveolate-light” hypothesis),
the ancestor of these lineages once contained
a red algal plastid. In what appeared to be a
dramatic consequence of this symbiosis, the
first genome of an oomycete was reported to
contain more than 700 symbiont-derived genes
(142), a substantial proportion of the genome.
The first analysis of a ciliate genome concluded
that no significant number of plastid genes
were to be found in Tetrahymena (30); how-
ever, a reanalysis concluded that Tetrahymena
and Paramecium do in fact contain symbiont-
derived genes, although only 16 were identified
(124). Similarly, genomes of the apicomplexan
Cryptosporidium and the nonphotosynthetic
dinoflagellate Crypthecodinium were found to
contain genes phylogenetically inferred to be
derived from the red lineage (64, 129).

Two other cases—the deep-branching and
nonphotosynthetic dinoflagellate relatives
Perkinsus and Oxyrrhis—stand out because in
both genera, putatively plastid-derived genes
were found but were also suggested to be tar-
geted to cryptic plastids. In the case of Oxyrrhis,
this was based on the observation that some
genes that were phylogenetically related to
plastid-targeted genes in other dinoflagellates

still retained the distinctive N-terminal plastid-
targeting leaders (133). In Perkinsus, genes en-
coding N-terminal leaders were also identified
(37, 46, 95), but protein products of some genes
have also been localized to discrete membrane-
bounded structures—altogether constituting
strong evidence for the maintenance of a
relict plastid, which in this case appears to be
involved in isoprenoid biosynthesis (37, 46, 95).

The strength of evidence for these conclu-
sions varies dramatically, and unfortunately, the
most interesting are supported by the weak-
est evidence. In lineages where their phyloge-
netic position already makes a strong case for
an ancestral plastid, the evidence for relict plas-
tid genes is relatively strong. For example, in
Perkinsus, where there is now even evidence for
the organelle, and in Oxyrrhis and Cryptheco-
dinium, where the genes in question are ac-
tually related to plastid-targeted homologs, a
plastid-containing ancestor can justifiably be
concluded. In the major nonphotosynthetic
oomycete and ciliate lineages, however, the
genes in question are generally not obviously
related to plastid function. If these genes are to
be interpreted in the context of the chromalve-
olate symbiosis, then there is a critical assump-
tion with implications that are seldom recog-
nized: specifically, that the red algal ancestor
donated nucleus-encoded cytosolic proteins to
its new host. The implication of this is that such
transfers must have happened in the early stages
of the symbiosis, and the genes would have ac-
quired a function that led to their retention
in the ancestor of all chromalveolates. Accord-
ingly, genes that are truly red algal relicts of the
chromalveolate symbiosis should be widespread
within extant chromalveolates, including the
photosynthetic ones. In other words, if the red
genes in these nonphotosynthetic lineages are
compared, many should be the same genes,
they should be related to one another, and they
should have homologs in other chromalveolate
groups. Alternatively, a lack of significant over-
lap in the red genes identified in different lin-
eages would suggest that the current pattern is
unrelated to the possible presence of an ances-
tral endosymbiont. Remarkably, however, these
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results have not been examined as a whole, so
the degree of overlap is unknown.

All this leads to the question, how many
genes does it take to distinguish between hori-
zontal gene transfer and endosymbiosis? Most
of the phylogenies that have been suggested
to support an influx of genes from secondary
endosymbiont nuclei to the host nuclei (apart
from those that encode proteins actually tar-
geted to the plastid) appear to be based more
on phylogenetic noise than on signal, and where
detailed analyses have been done, relatively few
putatively endosymbiont-derived genes remain
(15, 28). Without more information on the
overall proportion of genes from these genomes
that appear to be phylogenetically incongruent
with the known position of the host, it is im-
possible to say whether these genes represent a
legitimate spike in phylogenetic signal indica-
tive of some relict of the endosymbiotic event,
or background noise from unresolved phyloge-
nies and low-level horizontal gene transfer.

Were there other cryptic secondary
endosymbioses? There is a second issue
that has emerged from similar data, which
is the question of whether there were older
cryptic endosymbiotic events that took place
prior to the establishment of extant plastids in
photosynthetic lineages. Specifically, a number
of analyses have suggested that the red plastid
in chromalveolates was preceded by a green
one, which has since been lost except for some
relict nuclear genes. This idea goes back to
early genomic surveys of plastid-containing
chromalveolates where genes for a number
of plastid-targeted proteins were found to be
phylogenetically green rather than red (40, 50,
109, 145). At the same time, phylogenomic
analyses began to reveal the now-accepted
relationship between rhizarians, alveolates, and
stramenopiles (see above). This is significant
because chlorarachniophytes are rhizarians,
and they have a secondary plastid of green
algal origin that contains many genes for
plastid-targeted proteins derived from the red
lineage (3). Ultimately, whole-genome analyses
of diatoms concluded that a large contingent

of green genes were encoded in the diatom
genome (104), and similar results were found
for a photosynthetic relative of apicomplexans,
Chromera, where the phylogenetic signals for
green and red genes were concluded to be
approximately equal, at 250 genes each (152).

Once again, however, if these green genes
in chromalveolates were derived from an
ancient cryptic green plastid, we would expect
the various chromalveolate lineages to retain
many of the same green genes today, but this
has not been demonstrated. Most important,
however, a careful reanalysis of the green genes
has also suggested that the contribution may
be dramatically overestimated by automatic
phylogenetic analyses. In the case of the
diatoms, reanalysis of the 1,700 reported green
genes showed that only a handful could be
confidently attributed to the green lineage
(28). The remainder were found to be poorly
resolved, missing key taxa (such as red algae),
or more probably a result of horizontal gene
transfer. Similarly, in the case of Chromera, the
original study pointed out that the green signal
is best interpreted as the manifestation of arti-
facts due to many more data being available for
green lineages than red (152); a reanalysis using
a slightly different automated search strategy
and manual inspection of the trees went even
further and concluded that only 23 genes were
clearly red and 9 clearly green (15). Overall,
the data supporting a cryptic green plastid in
the evolution of chromalveolates are rapidly
diminishing. Indeed, at this point, the data
are indistinguishable from a small number of
horizontal gene transfer events, leading to the
prediction that similar levels of foreign genes
that are phylogenetically affiliated with other
lineages will also be found in these genomes.

Which Comes First, Gene Transfer
or Cellular Fixation?

Although we all might agree that endosymbio-
sis requires that a symbiont be ingested, be per-
manently retained by the host, transfer genes to
the host, and evolve a protein-targeting system,
digging into the specifics shows that the order
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in which these events take place is not so obvi-
ous. Though generally unstated, the textbook
view of endosymbiosis also implies that plas-
tids originate rather suddenly—a heterotroph
ingests an algal cell but fails to digest it. Such
autotrophy-by-indigestion might be shocking
for both parties, so it is reasonable to compare
the implications of the order of events to see
what else might result in a fair description of
endosymbiosis. Below are two of several possi-
bilities, in an attempt to show how changing the
hypothesized order of events changes both the
nature of the transformation and our expecta-
tions about how the cells are affected.

Endosymbiosis as a rapid transition. In this
model, a heterotrophic predator engulfs a pho-
tosynthetic prey cell, but rather than being di-
gested, the autotroph is retained and survives
within the heterotroph. This singular event sets
off a long-term transformation of both cells, but
primarily of the autotroph. One could imagine
it adapting to its intracellular environment by
dividing with its host cell, losing functions that
are now redundant or unnecessary (like motil-
ity), and evolving transporters to exchange nu-
trients and energy with the host. Over time,
genes flowing from the endosymbiont to the
host (perhaps by lysis, if there are multiple sym-
bionts within a host) find their way into the nu-
cleus and are incorporated into nuclear chro-
mosomes and expressed on cytosolic ribosomes.

The most complex step in such a scheme
would be the establishment of a protein-
targeting system. In primary endosymbionts,
this corresponds to transit peptides and the
TIC/TOC system; the origin of this system is
obscure, but it appears that some parts come
from the host and others from the endosym-
biont (6, 70, 88). In secondary endosymbionts,
the second half of the protein-targeting system
(based on transit peptides and the TIC/TOC
system) is already in place in the endosymbiont.
The first step requires sorting to the endomem-
brane mediated by a signal peptide, a system
already in place in the host. The major hur-
dle in secondary endosymbiosis would there-
fore be to link these two targeting systems to-

gether, which requires sorting proteins that are
already in the endomembrane system specifi-
cally to the plastid. It is now clear that in all
secondary plastids, this step is dependent on in-
formation encoded in the transit peptide (2, 44,
57, 59, 60, 79, 82) and some protein complex
that mediates passage across the third mem-
brane. In chromalveolates, the protein complex
is the symbiont-specific ERAD-like machin-
ery (SELMA) system, which is derived from
the endoplasmic reticulum–associated degra-
dation (ERAD) complex (13, 36, 56, 135). At
least in chlorarachniophytes, some other so-
lution seems to have been found, because no
plastid-specific SELMA-like system is encoded
in the genome (58). It is also unclear how the
loss of the third membrane in euglenids and di-
noflagellates would have affected this step, and
their transit peptides are notably different.

The existence of a system to specifically im-
port proteins from the cytosol to the endosym-
biont sets up an evolutionary ratchet because
it allows an increasing number of proteins to
be targeted relatively easily. Even if the rate
of transfer from symbiont to host remains un-
changed, the rate at which host-encoded genes
make endosymbiont-encoded homologs func-
tionally redundant would increase dramatically
simply because there is a mechanism to target
the products of transferred genes back to the
organelle. At the genomic level, the expected
outcome of this order of events is that the host
nucleus contains a large number of symbiont-
derived genes, all of which should share a com-
mon phylogenetic signal tracing back to a single
endosymbiont.

Endosymbiosis as a slower transition
and the importance of transporters: the
targeting-ratchet model. Although there is
nothing impossible about the above order of
events, subtle changes that lead to different
expectations are just as plausible, or arguably
more so. Consider, for example, the implica-
tions of establishing protein targeting before the
endosymbiont is permanently fixed in the host.
In this model (Figure 3), a grazing heterotroph
begins to transiently retain photosynthetic
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Eating

Transient association

Transporters targeted

Gene transfer and
more targeting

Result: many genes derived from
many transient symbionts

D
ig
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D
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n

Digestion
Figure 3
A targeting-ratchet model for the endosymbiotic origin of plastids as a long-term cyclic association with
photosynthetic food. This illustration shows a secondary endosymbiosis, but a similar model could be
developed for primary or tertiary endosymbiosis. In the cyclic portion (top), a heterotrophic predator (purple)
eats and digests various algal prey (bottom left). Over time, the host predator begins to transiently retain prey
cells before digesting them (top left). For longer associations to benefit the host, it would need to acquire
energy from photosynthesis without digesting the prey. This could be achieved by specifically targeting
transporter proteins to membranes of the transient symbionts, allowing nonlethal energy and nutrient
uptake (top right). The existence of this targeting creates a ratchet, allowing an increasing number of proteins
to be targeted to transient symbionts, which in turn allows proteins encoded by genes acquired from
symbionts to be targeted to subsequent symbionts (bottom right), driving the integration process. Ultimately,
the retention period lengthens to the point that one particular food alga (or many within a population) is
never digested and goes on to become the plastid organelle. However, the history of gene transfer and
targeting from transient symbionts means that “algal” genes in the host are not necessarily all derived from
the same symbiont as the plastid (indicated by the many colored genes on the host chromosome), even if
they encode plastid-targeted proteins.
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prey before digesting them [as is known to
occur in nature (33, 52, 72, 89)]. Over time,
the retention period could increase as the host
develops control over signaling degradation.
But if the predator has no means of extracting
the energy and nutrients of its meal without
digesting it, then there is no advantage to
increasing the retention time. To reap the full
benefits of prolonging such an association,
it would need transporters that could extract
the energy and nutrients from the transient
symbiont without digesting it.

The importance of transporters in the ori-
gin of plastids has been recognized (143) but
is typically overshadowed by the importance of
protein targeting (11, 23, 91). Both are impor-
tant, but their evolutionary origins might also
be tied to one another: If the predator can tar-
get transporters to its prey, it would not only
have greater, nonlethal access to the energy
produced by photosynthesis, but would also set
up a powerful evolutionary ratchet where the
acquisition of additional genes from transient
symbionts could provide positive feedback if the
targeting of their products prolongs the useful
retention of and/or control over symbionts. In
other words, targeting would ratchet the sys-
tem toward fixation, but fixation does not nec-
essarily ratchet toward establishing targeting.
This cycle could continue with transient sym-
bionts remaining in the cytoplasm for increas-
ing periods of time before being digested and
with the collection of host-encoded genes for
symbiont-targeted proteins growing in the nu-
cleus, until the process is ultimately fixed when
some prey cell is never digested and becomes
the organelle.

This targeting-ratchet model shares several
steps in common with Larkum’s “shopping
bag” model for plastid evolution (62, 84) and
shares Tyra’s emphasis on the early importance
of transporters in plastid origins (143). But the
evolutionary link between targeting and trans-
porters (which can be applied to primary or sec-
ondary plastids, or to mitochondria, for that
matter) and the ratchet it creates early in the
process provide a plausible first push toward ge-
netic integration.

The order of events also has other implica-
tions at the cellular and genomic levels. At the
cellular level, it suggests that the plastids within
an algal lineage might derive from different
symbionts. In practice, this would be difficult
to recognize unless very different kinds of algae
were fixed in a related lineage of hosts, but there
is one intriguing case. The diatom-derived ter-
tiary plastids are constrained to a small group
of related dinoflagellates, but molecular phy-
logenies have shown that the plastids are de-
rived from both pennate and centric diatoms.
They might have been serial replacements (61)
but might also have been fixed independently
in different but closely related diatom-eating
dinoflagellate hosts.

At the genomic level, it is possible that the
genes for plastid-targeted proteins within a sin-
gle cell need not all be derived from the same
lineages as the organelle to which they are tar-
geted [as pointed out in the shopping bag model
(62, 84)]. If the host has a narrow prey prefer-
ence, then the distinction might be impossible
to discern, but if the host is grazing on a wide
variety of prey, then genes for plastid-targeted
proteins would be expected to be derived from
an equally wide variety of sources. Interest-
ingly, most secondary algal lineages have now
been observed to contain a substantial number
of genes for plastid-targeted proteins that are
clearly not derived from the same lineage as the
plastid itself (3, 40, 50, 109, 110). Generally this
is attributed to a single cryptic endosymbiosis,
or more realistically to horizontal gene transfer.
Indeed, it is probably impossible to entirely dis-
tinguish the process outlined above from hori-
zontal gene transfer, but it is worth noting that
random horizontal gene transfer should con-
tinue throughout the evolution of a given lin-
eage, so we should see such genes shared by all
members of a lineage in some cases (an ancient
origin) but also narrowly distributed in other
cases (a more recent origin). Either way, com-
ponents of key plastid pathways come from dif-
ferent lineages, but whether these were over-
laid on ancestrally homogeneous pathways by
horizontal gene transfer or represent a gradual
building up of the plastid proteome from a slow

www.annualreviews.org • Endosymbiosis and Plastid Evolution 599

A
nn

u.
 R

ev
. P

la
nt

 B
io

l. 
20

13
.6

4:
58

3-
60

7.
 D

ow
nl

oa
de

d 
fr

om
 w

w
w

.a
nn

ua
lr

ev
ie

w
s.

or
g

by
 U

ni
ve

rs
ity

 o
f 

B
ri

tis
h 

C
ol

um
bi

a 
on

 0
8/

21
/1

3.
 F

or
 p

er
so

na
l u

se
 o

nl
y.



PP64CH24-Keeling ARI 25 March 2013 11:0

and cyclic integration of different prey cells is
an interesting question to ponder. At the same
time, it is worth remembering that each pri-
mary, secondary, and tertiary plastid origin is
a unique event, so different models might best
explain different plastid endosymbioses.

CONCLUDING REMARKS: WHAT
ARE THE NEXT OBVIOUS
QUESTIONS?

Investigation of the complex evolutionary
history of plastids has benefited hugely from
successive technical revolutions that have made
sequence analysis of diverse lineages at the ge-
nomic level possible. Indeed, we may even be
approaching the point where we have substan-
tially characterized the data available to us from

representatives of all major algal lineages. How-
ever, if recent years have revealed any blind
spots in this field, it is our ignorance of the
natural diversity of these lineages, and partic-
ularly the oddballs that branch close to them.
The discovery of photosynthetic relatives of
apicomplexans (103), for example, has allowed
formerly impossible leaps forward in our un-
derstanding of this chapter in plastid evolu-
tion. Equally illuminating new nonphotosyn-
thetic relatives of algal lineages have also been
identified (111, 116–118, 153, 155). Although
less appreciated, each of these discoveries has
tremendous potential to upset our established
views of plastid evolution. At this point, the
greatest potential for transformative change is
from a renaissance of natural history and species
discovery.

SUMMARY POINTS

1. Plastids, or chloroplasts, originated by the endosymbiotic uptake of a cyanobacterium
leading to primary plastids (like those in plants and green and red algae) but then spread
to other eukaryotic lineages through progressive rounds of secondary and even tertiary
endosymbiosis.

2. The evolutionary history of these subsequent endosymbiotic events is becoming clearer,
but there is still controversy over the number of times secondary red algal plastids
originated.

3. During endosymbiosis, many genes are transferred from the symbiont to its new host,
but the extent of this contribution (beyond genes for plastid proteins) is unclear. Recent
claims for substantial numbers of “algal” genes in host nuclei now appear to be the result
of sampling biases and difficulties with automated phylogenetic analyses.

4. In one model of plastid origins, protein targeting evolves early in the process to target
transporters to transient photosynthetic symbionts; once established, it creates a gene
transfer ratchet that leads to progressive integration and finally fixation of the organelle
in the cell.
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Rhizopode des Süßwassers mit blaugrünen chromatophorenartigen Einschlüssen. Z. Wiss. Zool. 59:537–
44

86. Leander BS, Triemer RE, Farmer MA. 2001. Character evolution in heterotrophic euglenids. Eur. J.
Protistol. 37:337–56

87. Leedale GF, Vickerman K. 2000. Phylum Euglenozoa. In An Illustrated Guide to the Protozoa, ed. JJ Lee,
GF Leedale, P Bradbury, pp. 1135–85. Lawrence, KS: Soc. Protozool. 2nd ed.

88. Lv HX, Guo GQ, Yang ZN. 2009. Translocons on the inner and outer envelopes of chloroplasts share
similar evolutionary origin in Arabidopsis thaliana. J. Evol. Biol. 22:1418–28

89. Maeda T, Hirose E, Chikaraishi Y, Kawato M, Takishita K, et al. 2012. Algivore or phototroph?
Plakobranchus ocellatus (Gastropoda) continuously acquires kleptoplasts and nutrition from multiple algal
species in nature. PLoS ONE 7:e42024

90. Marin B, Nowack EC, Melkonian M. 2005. A plastid in the making: evidence for a second primary
endosymbiosis. Protist 156:425–32

91. Martin W. 2010. Evolutionary origins of metabolic compartmentalization in eukaryotes. Philos. Trans.
R. Soc. Lond. B 365:847–55

92. Martin W, Borst P. 2003. Secondary loss of chloroplasts in trypanosomes. Proc. Natl. Acad. Sci. USA
100:765–67

93. Martin W, Rujan T, Richly E, Hansen A, Cornelsen S, et al. 2002. Evolutionary analysis of Arabidopsis,
cyanobacterial, and chloroplast genomes reveals plastid phylogeny and thousands of cyanobacterial genes
in the nucleus. Proc. Natl. Acad. Sci. USA 99:12246–51

94. Matsumoto T, Shinozaki F, Chikuni T, Yabuki A, Takishita K, et al. 2011. Green-colored plastids in
the dinoflagellate genus Lepidodinium are of core chlorophyte origin. Protist 162:268–76

95. Matsuzaki M, Kuroiwa H, Kuroiwa T, Kita K, Nozaki H. 2008. A cryptic algal group unveiled: a plastid
biosynthesis pathway in the oyster parasite Perkinsus marinus. Mol. Biol. Evol. 25:1167–79

96. McFadden GI. 1999. Plastids and protein targeting. J. Eukaryot. Microbiol. 46:339–46

604 Keeling

A
nn

u.
 R

ev
. P

la
nt

 B
io

l. 
20

13
.6

4:
58

3-
60

7.
 D

ow
nl

oa
de

d 
fr

om
 w

w
w

.a
nn

ua
lr

ev
ie

w
s.

or
g

by
 U

ni
ve

rs
ity

 o
f 

B
ri

tis
h 

C
ol

um
bi

a 
on

 0
8/

21
/1

3.
 F

or
 p

er
so

na
l u

se
 o

nl
y.



PP64CH24-Keeling ARI 25 March 2013 11:0

97. McFadden GI. 2001. Primary and secondary endosymbiosis and the origin of plastids. J. Phycol. 37:951–
59

98. McFadden GI, Reith M, Munholland J, Lang-Unnasch N. 1996. Plastid in human parasites. Nature
381:482

99. McFadden GI, Waller RF. 1997. Plastids in parasites of humans. Bioessays 19:1033–40
100. Melkonian M, Mollenhauer D. 2005. Robert Lauterborn (1869–1952) and his Paulinella chromatophora.

Protist 156:253–62
101. Mignot JP. 1977. Etude ultrastructurale d’un Flagelle du genre Spumella Cienk. ( = Heterochromonas

Pascher, = Monas O. F. Müller), Chrysomonadine leucoplastidiée. Protistologica 13:219–31
102. Minge MA, Shalchian-Tabrizi K, Torresen OK, Takishita K, Probert I, et al. 2010. A phylogenetic mosaic

plastid proteome and unusual plastid-targeting signals in the green-colored dinoflagellate Lepidodinium
chlorophorum. BMC Evol. Biol. 10:191

103. Moore RB, Obornik M, Janouskovec J, Chrudimsky T, Vancova M, et al. 2008. A photosynthetic alveolate
closely related to apicomplexan parasites. Nature 451:959–63

104. Moustafa A, Beszteri B, Maier UG, Bowler C, Valentin K, Bhattacharya D. 2009. Genomic footprints
of a cryptic plastid endosymbiosis in diatoms. Science 324:1724–26

105. Moustafa A, Reyes-Prieto A, Bhattacharya D. 2008. Chlamydiae has contributed at least 55 genes to
Plantae with predominantly plastid functions. PLoS ONE 3:e2205

106. Nakayama T, Ishida K. 2009. Another acquisition of a primary photosynthetic organelle is underway in
Paulinella chromatophora. Curr. Biol. 19:R284–85

107. Nassoury N, Cappadocia M, Morse D. 2003. Plastid ultrastructure defines the protein import pathway
in dinoflagellates. J. Cell Sci. 116:2867–74

108. Nikolaev SI, Berney C, Fahrni JF, Bolivar I, Polet S, et al. 2004. The twilight of Heliozoa and rise of
Rhizaria, an emerging supergroup of amoeboid eukaryotes. Proc. Natl. Acad. Sci. USA 101:8066–71

109. Nosenko T, Bhattacharya D. 2007. Horizontal gene transfer in chromalveolates. BMC Evol. Biol. 7:173
110. Nosenko T, Lidie KL, Van Dolah FM, Lindquist E, Cheng JF, Bhattacharya D. 2006. Chimeric plastid

proteome in the Florida “red tide” dinoflagellate Karenia brevis. Mol. Biol. Evol. 23:2026–38
111. Not F, Valentin K, Romari K, Lovejoy C, Massana R, et al. 2007. Picobiliphytes: a marine picoplanktonic

algal group with unknown affinities to other eukaryotes. Science 315:253–55
112. Nowack EC, Grossman AR. 2012. Trafficking of protein into the recently established photosynthetic

organelles of Paulinella chromatophora. Proc. Natl. Acad. Sci. USA 109:5340–45
113. Nowack EC, Melkonian M, Glockner G. 2008. Chromatophore genome sequence of Paulinella sheds

light on acquisition of photosynthesis by eukaryotes. Curr. Biol. 18:410–18
114. Nowack EC, Vogel H, Groth M, Grossman AR, Melkonian M, Glockner G. 2011. Endosymbiotic gene

transfer and transcriptional regulation of transferred genes in Paulinella chromatophora. Mol. Biol. Evol.
28:407–22

115. Obornik M, Modry D, Lukes M, Cernotikova-Stribrna E, Cihlar J, et al. 2012. Morphology, ultrastruc-
ture and life cycle of Vitrella brassicaformis n. sp., n. gen., a novel chromerid from the Great Barrier Reef.
Protist 163:306–23

116. Okamoto N, Chantangsi C, Horak A, Leander BS, Keeling PJ. 2009. Molecular phylogeny and descrip-
tion of the novel katablepharid Roombia truncata gen. et sp. nov., and establishment of the Hacrobia taxon
nov. PLoS ONE 4:e7080

117. Okamoto N, Horak A, Keeling PJ. 2012. Description of two species of early branching dinoflagellates,
Psammosa pacifica n. g., n. sp. and P. atlantica n. sp. PLoS ONE 7:e34900

118. Okamoto N, Inouye I. 2006. Hatena arenicola gen. et sp. nov., a katablepharid undergoing probable
plastid acquisition. Protist 157:401–19

119. Patron NJ, Inagaki Y, Keeling PJ. 2007. Multiple gene phylogenies support the monophyly of cryp-
tomonad and haptophyte host lineages. Curr. Biol. 17:887–91

120. Patron NJ, Rogers MB, Keeling PJ. 2004. Gene replacement of fructose-1,6-bisphosphate aldolase (FBA)
supports a single photosynthetic ancestor of chromalveolates. Eukaryot. Cell 3:1169–75

121. Patron NJ, Waller RF, Keeling PJ. 2006. A tertiary plastid uses genes from two endosymbionts. J. Mol.
Biol. 357:1373–82

www.annualreviews.org • Endosymbiosis and Plastid Evolution 605

A
nn

u.
 R

ev
. P

la
nt

 B
io

l. 
20

13
.6

4:
58

3-
60

7.
 D

ow
nl

oa
de

d 
fr

om
 w

w
w

.a
nn

ua
lr

ev
ie

w
s.

or
g

by
 U

ni
ve

rs
ity

 o
f 

B
ri

tis
h 

C
ol

um
bi

a 
on

 0
8/

21
/1

3.
 F

or
 p

er
so

na
l u

se
 o

nl
y.



PP64CH24-Keeling ARI 25 March 2013 11:0

122. Rada P, Dolezal P, Jedelsky PL, Bursac D, Perry AJ, et al. 2011. The core components of organelle
biogenesis and membrane transport in the hydrogenosomes of Trichomonas vaginalis. PLoS ONE 6:e24428

123. Ralph SA, Van Dooren GG, Waller RF, Crawford MJ, Fraunholz MJ, et al. 2004. Tropical infectious
diseases: metabolic maps and functions of the Plasmodium falciparum apicoplast. Nat. Rev. Microbiol.
2:203–16

124. Reyes-Prieto A, Moustafa A, Bhattacharya D. 2008. Multiple genes of apparent algal origin suggest
ciliates may once have been photosynthetic. Curr. Biol. 18:956–62

125. Rice DW, Palmer JD. 2006. An exceptional horizontal gene transfer in plastids: gene replacement by
a distant bacterial paralog and evidence that haptophyte and cryptophyte plastids are sisters. BMC Biol.
4:31

126. Rogers MB, Gilson PR, Su V, McFadden GI, Keeling PJ. 2007. The complete chloroplast genome of
the chlorarachniophyte Bigelowiella natans: evidence for independent origins of chlorarachniophyte and
euglenid secondary endosymbionts. Mol. Biol. Evol. 24:54–62

127. Rogers MB, Keeling PJ. 2003. Lateral gene transfer and re-compartmentalisation of Calvin cycle enzymes
in plants and algae. J. Mol. Evol. 58:367–75

128. Saldarriaga JF, Taylor FJR, Keeling PJ, Cavalier-Smith T. 2001. Dinoflagellate nuclear SSU rRNA
phylogeny suggests multiple plastid losses and replacements. J. Mol. Evol. 53:204–13

129. Sanchez-Puerta MV, Lippmeier JC, Apt KE, Delwiche CF. 2007. Plastid genes in a non-photosynthetic
dinoflagellate. Protist 158:105–17
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