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Abstract
The establishment of the photosynthetic organelle (plastid) in
eukaryotes and the diversification of algae and plants were landmark
evolutionary events because these taxa form the base of the food
chain for life on our planet. The plastid originated via a putative
single, ancient primary endosymbiosis in which a heterotrophic
protist engulfed and retained a cyanobacterium in its cytoplasm.
Once successfully established, this plastid spread into other protist
lineages through eukaryote-eukaryote (secondary and tertiary)
endosymbioses. This process of serial cell capture and enslavement
explains the diversity of photosynthetic eukaryotes. Recent genomic
and phylogenomic approaches have significantly clarified plastid
establishment in the first algae, plastid genome evolution, the
movement of endosymbiont genes to the “host” nuclear genome
(endosymbiotic gene transfer), and plastid spread throughout the eu-
karyotic tree of life. Here we review these aspects of plastid evolution
with a focus on understanding early events in plastid endosymbiosis.

147

First published online as a Review 
in Advance on June 28, 2007

A
nn

u.
 R

ev
. G

en
et

. 2
00

7.
41

. D
ow

nl
oa

de
d 

fr
om

 a
rj

ou
rn

al
s.

an
nu

al
re

vi
ew

s.
or

g
by

 M
A

R
IN

E
 B

IO
L

O
G

Y
 L

A
B

O
R

A
T

O
R

Y
 / 

W
H

O
I 

L
IB

R
A

R
Y

 o
n 

08
/1

4/
07

. F
or

 p
er

so
na

l u
se

 o
nl

y.



ANRV329-GE41-08 ARI 21 June 2007 22:19

Protist: microbial
eukaryote not
including plants and
fungi

Algae:
photosynthetic
eukaryotes (protists)
not including plants

‘Chromalveolata’:
putative
monophyletic group
descended from a
protist common
ancestor that
captured a red alga
and maintained it as
a secondary
endosymbiont

INTRODUCTION

The Eukaryotic Tree of Life as
Backdrop for Plastid Origin

Multigene phylogenetics and genome data
from microbial eukaryote (protist) lineages
have provided a renewed impetus to resolv-
ing the eukaryotic tree of life (e.g., 11, 71,
90), culminating recently in a formal classi-
fication of eukaryotes into 6 “supergroups”
(3, 44). These supergroups (see Figure 1)
contain the protistan roots of all multi-
cellular eukaryotes and are currently de-
fined as ‘Opisthokonta’ (e.g., animals, fungi,
choanoflagellates), ‘Amoebozoa’ (e.g., lobose
amoebae, slime molds), ‘Archaeplastida’ or
‘Plantae’ [red, green (including land plants),
and glaucophyte algae], ‘Chromalveolata’
(e.g., diatoms, ciliates, giant kelps), ‘Rhizaria’

Excavata

Rhizaria

Chromalveolata
Plantae

Amoebozoa

Euglenids

Parabasalids

Diplomonads

Jakobids

Radiolaria

Cercozoa

Alveolates

Stramenopiles

Haptophytes

Cryptophytes

Red glaucophyte

Green algae

Entamoebae

Amoebae

Slime molds

Opisthokonta

Animals

Choanozoa

Fungi

Microsporidia

Figure 1
Schematic view of
the eukaryotic tree
of life showing the
putative six
supergroups. The
broken lines
denote uncertainty
of branch positions
in the tree. For
example, the
‘Rhizaria’ are likely
monophyletic but
may branch within
chromalveolates
and the ‘Excavata’
may comprise at
least two distinct
lineages. The
presence of
plastid-containing
taxa in the
supergroups is
shown with the
cartoon of an alga.

(e.g., cercomonads, foraminifera), and ‘Ex-
cavata’ (e.g., diplomonads, parabasalids). Al-
though the supergroups broadly capture the
diversity of eukaryotes, there are in fact
only two that currently have robust sup-
port from molecular phylogenetic analyses,
the ‘Opisthokonta’ and the ‘Amoebozoa’ (71).
Therefore in this review all supergroups are
marked with ‘ ‘ to denote their provisional na-
ture. Of the remaining lineages, the ‘Plantae’
is gaining the most support from multigene
trees (83) and features associated with the
photosynthetic organelle (plastid) in these
taxa (e.g., 63, 78, 99). This group is very
likely to be monophyletic, a key feature that
plays an important role in understanding plas-
tid evolution. The ‘Rhizaria’ includes pho-
tosynthetic amoebae (chlorarachniophytes
and Paulinella chromatophora) and receives
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moderate support in different studies but a
broad taxon sampling that uses multigene
methods has not yet been utilized for this su-
pergroup (71). The ‘Chromalveolata’ and the
‘Excavata’ are currently the most controver-
sial supergroups with no robust support from
any study of nuclear genes for the monophyly
of these groups, despite often extensive sam-
pling of both taxa and loci (71, 89). The Exca-
vata includes one important algal group, the
euglenids (Figure 1). And finally, the future
addition to phylogenies of uncultured envi-
ronmental samples or poorly studied taxa such
as amoebae and heterotrophic flagellates may
affect supergroup membership and their in-
terrelationships in ways that are currently dif-
ficult to predict.

In spite of these uncertainties, the tree
of life is an important enterprise in molecu-
lar systematics and the overall phylogeny has
started to take shape. This is critical because a
well-sampled and resolved eukaryotic tree of
life is invaluable for many reasons including
the generation of hypotheses regarding plas-
tid endosymbiosis and “host” cell evolution.
The two most outstanding examples in this re-
gard dealt with here are the ‘Plantae’ and the
‘Chromalveolata’ (Figure 1). If the ‘Plantae’
are monophyletic as most investigators in the
field believe (but see 93a), then the initial
cyanobacterial capture and enslavement oc-
curred in the common ancestor of this lineage.
Algal members of the ‘Plantae’ should there-
fore be outstanding models for understand-
ing plastid establishment and the evolution of
host-endosymbiont integration. The ‘Chro-
malveolata’ contains chromist and alveolate
protists that are postulated to have shared a
plastid of red algal origin in their common an-
cestor (16). If this hypothesis is true then we
can study chromalveolate genomes for clues to
eukaryotic plastid integration including gene
transfer from the multiple genomes of the
captured eukaryote. Here we address several
key issues in plastid endosymbiosis includ-
ing frequency of events and plastid donors,
early events in plastid establishment, evolu-
tion of plastid protein import, intracellular

‘Plantae’: putative
monophyletic group
containing the red,
green (including land
plants) and
glaucophyte algae

Endosymbiosis: the
uptake and retention
of a foreign cell and
its conversion into a
cell organelle

EGT:
endosymbiotic gene
transfer

Phagocytosis:
uptake of particles by
the cell membrane
and its
internalization as a
food vacuole

Primary plastid:
PLASTID
originating from the
primary
endosymbiosis of the
cyanobacterium in
the ‘Plantae’ ancestor

Tic: translocon of
the inner chloroplast
(plastid) envelope
membrane

Toc: translocon of
the outer chloroplast
(plastid) envelope
membrane

gene transfer from the endosymbiont to the
host nucleus (i.e., endosymbiotic gene trans-
fer, EGT), and a discussion of the key fea-
tures that characterize and differentiate per-
manent plastids (organelles) from temporary
symbionts or endosymbionts.

THE ANCIENT PRIMARY
PLASTID ENDOSYMBIOSIS

Evidence for a Single Plastid Origin
in the ‘Plantae’ Ancestor

The eukaryotic plastid originated through
endosymbiosis whereby a single-celled protist
(host) engulfed and retained a free-living pho-
tosynthetic cyanobacterium (12, 13, 19, 28,
55a, 63, 70). Over time, the prokaryote was
reduced to a double membrane-bound plastid
and vertically transmitted to subsequent
generations. A potential scenario for plastid
origin is that cyanobacteria were engulfed
through phagocytosis as a prey item countless
times by the ‘Plantae’ ancestor, and in some
of these cells, the cyanobacterium was not
digested in the food vacuole but rather main-
tained as an endosymbiont (Figure 2). This is
an astoundingly rare event because despite the
many times that such a scenario of phagotro-
phy must have played out during eukaryotic
evolution, only a single, ancient primary plas-
tid endosymbiosis has persisted. The primary
evidence for ‘Plantae’ monophyly comes
from molecular phylogenetic and other
comparative analyses of plastid and nuclear
genes (12, 13, 19, 28, 63, 67, 70, 83) and genes
involved in plastid function such as plastid
protein import; i.e., members of the Tic-Toc
translocon (62, 64), plastid-targeted solute
transporters (99), and enzymes involved in
plastid-localized biochemical reactions such
as the Calvin cycle (78). The only other bona
fide primary endosymbiosis resulting in the
gain of photosynthesis that we know of (for
details see below) occurred relatively recently
in the filose amoeba Paulinella chromatophora,
which harbors a plastid (cyanelle) derived
from a Prochlorococcus-Synechococcus-type
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 Phagotrophic Plantae ancestor

Photosynthetic
Plantae ancestor

Cyanobacteria

       (prey)

Prey

digestion

Primary
endosymbiosis

Prey

retention

 Plastid     

establishment

Figure 2
Hypothetical model showing the primary endosymbiotic origin of the
plastid in the ‘Plantae’ common ancestor.

Antiporter: an
integral membrane
protein that couples
the active transport
of two different
molecules in
opposite directions
across the
membrane, as in the
plastid triosephos-
phate/phosphate
antiporter

ER: endoplasmic
reticulum

cyanobacterium (10, 56, 103). The sister
of Paulinella chromatophora, Paulinella ovalis,
lacks a plastid but is an active predator of
cyanobacteria that are localized in food vac-
uoles in the cytoplasm (43). This observation
provides some support for the phagotrophic
origin of the ancient plastid. Molecular
clock analyses using multigene data sets and
“relaxed clock” approaches (e.g., penalized
likelihood, Bayesian methods) that do not
assume strict chronometric behavior of genes
under study suggest that the ‘Plantae’ primary
endosymbiosis is an ancient event in eukary-
otic evolution. Although still controversial
(23), recent analyses suggest that the primary
plastid was established ca. 1.5 billion years ago
in the Mesoproterozoic (e.g., 14, 35, 59, 101).

Early Events in ‘Plantae’ Plastid
Evolution

We have hypothesized that a crucial early
step in endosymbiosis must have been the es-

tablishment of a reliable connection between
the host cell and the ancestral plastid to allow
the controlled exchange of metabolic inter-
mediates between the symbiotic partners.
Regulated exchange is important because the
unfettered flux of metabolites between the
host and plastid would have had detrimental
effects on the metabolism of both partners
and thereby lowered the evolutionary fitness
of the symbiosis. A diverse set of metabolite
antiporters that are embedded in the inner
membrane of current day plastids allows the
controlled exchange of solutes between cellu-
lar compartments (100). This antiport func-
tion is dependent on the presence of a suitable
counterexchange substrate on the trans-site
of the membrane. It was recently shown that
the plastid triosephosphate and related sugar
transporters were established in the common
ancestor of the red and green algae (and likely
all ‘Plantae’, supporting their monophyly), al-
lowing this first alga to profit from cyanobac-
terial carbon fixation (99). This evolutionary
step likely rendered irreversible the associ-
ation between the plastid and the host cell.
The ancestral plastid antiporter evolved from
an existing metabolite translocator in the host
cell that had evolved due to the pre-existence
of mitochondria and an endomembrane sys-
tem and was likely transferred to the ancient
plastid via membrane fusion. This hypothesis
of a close interaction between plastid enve-
lope membranes and the host endomembrane
system is supported by the observation that
the outer leaflet of the outer membrane of
extant primary plastids consists mainly of
ER-derived phospholipids (17, 21). A more
recent analysis of 83 annotated plastid solute
transporters from Arabidopsis thaliana shows
that the majority of these genes that have a
resolved phylogeny in this taxon and in other
‘Plantae’, including all carbohydrate trans-
porters, originated from co-option (i.e., gene
duplication followed by retargeting to the
plastid) of host genes, whereas about a quarter
are of cyanobacterial (i.e., endosymbiont)
provenance. The nuclear origin of many
transporters is supported by their absence in
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currently sequenced cyanobacterial genomes,
suggesting (not proving) that these genes
were not originally of prokaryotic origin and
were replaced over evolutionary time by host-
derived homologs. This suggests that early
plastid evolution was essentially a host-driven
process (D.B. & A.P.M.W. unpublished
data).

Once the endosymbiont was established
in the ‘Plantae’ ancestor then more complex
processes could play out. This includes gene
transfer from the endosymbiont to the host
nucleus and the import of now nuclear en-
coded proteins to the plastid. This latter prob-
lem was solved in the long-term in all canon-
ical plastids with the Tic-Toc protein import
system that required the evolution of a “tran-
sit” sequence (about 24–100 amino acids in
length (e.g., 26) at the N terminus of nuclear-
encoded plastid-targeted proteins. This extra
sequence likely came about through muta-
tions that extended the original open reading
frame at its 5′ end and the encoded proteins
were selected for due to their targeting ca-
pacity or the genes integrated downstream of
existing host genes and were originally trans-
lated as chimeric proteins (see below). Once
the sequences containing these transit pep-
tides were established in a few genes, then they
may have spread through exon shuffling into
other photosynthetic genes (15, 58). Compar-
ative analyses demonstrate the conservation of
many aspects of the plastid import machinery
in ‘Plantae’, again providing support for a sin-
gle plastid origin in the common ancestor of
this supergroup (62, 64).

PAULINELLA AND CLUES TO
PLASTID ESTABLISHMENT

Evidence for an Independent
Primary Endosymbiosis in Paulinella
chromatophora

Paulinella chromatophora is a filose amoeba
in the ‘Rhizaria’ that contains blue chro-
matophores and is distantly related to the
green plastid containing chlorarachniophyte

Organelle: a
differentiated
membrane-enclosed
structure within a
cell originating from
endosymbiosis
(i.e., plastid and
mitochondrion)

amoebae in this supergroup (10). Paulinella
was first described in 1895 by Robert
Lauterborn (51) and, although understudied
in the past century, has played a prominent
role in the field of plastid endosymbiosis.
This species is the only known case of an in-
dependent acquisition of photosynthetic ca-
pacity through primary (cyanobacterial) en-
dosymbiosis (45, 56, 65, 84), making Paulinella
an important model for understanding plas-
tid establishment. The Paulinella plastid (also
referred to as the cyanelle) retains key
cyanobacterial features such as peptidoglycan
and carboxysomes, but can be considered a
bona fide organelle for the following reasons.
(a) The cyanelle is no longer bound by a vac-
uolar membrane and lies free in the cyto-
plasm. (b) The cyanelle number is regulated
(i.e., two cyanelles in each mature host cell),
implying genetic integration. (c) The cyanelle
cannot be cultured without the host (43, 45,
46).

Part of the Paulinella mystery was recently
clarified. In this study, a robust phylogenetic
positioning of the plastid in P. chromatophora
was generated that provided key insights
into its genome evolution (103). Two phage
inserts containing 9.4-kb (kilobases) and
4.3-kb fragments of the Paulinella plastid
genome were compared with homologous re-
gions in sequenced cyanobacterial genomes.
The Paulinella fragments showed significant
colinearity with Prochlorococcus-Synechococcus
species, with the strongest conservation
of plastid gene order to Synechococcus sp.
WH5701. The 9.4-kb fragment encoded a
number of genes that have been transferred
to the nucleus in other algae and plants
(e.g., psbO), demonstrating the essential
cyanobacterial nature of the Paulinella en-
dosymbiont. Finally, a multigene phylogeny
using Paulinella plastid proteins confirmed
the phylogenetic affinity to Prochlorococcus-
Synechococcus species suggested by the gene
order data (103).

These results, although preliminary in
nature, provide a foothold into understanding
a recent primary plastid establishment. They
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suggest most importantly that key insights
into early events in primary endosymbiosis
such as control of organelle division and
carbon translocation (99) will likely come
from analysis of the Paulinella nuclear
genome rather than analysis of its recent
endosymbiont. We postulate that genes
crucial to primary plastid establishment such
as those required for organelle division (e.g.,
ftsZ) have been transferred to the nucleus.
In addition, it is expected that Paulinella has
devised a way of translocating fixed carbons
from the cyanelle to the host cytoplasm.
Whether this has occurred through the
co-option and retargeting of existing host
endomembrane transporters to the plastid as
hypothesized for the ‘Plantae’ ancestor (99)
remains to be determined. For these reasons,
Paulinella chromatophora is a prime target for
a complete genome sequencing project.

Organelle or Endosymbiont?

The argument has been made (95) that the
Paulinella inclusions do not rise to the rank of
a true organelle because the existence of a Tic-
Toc-type protein import system has not yet
been demonstrated in this system. In the view
of Theissen & Martin (95), the critical differ-
ence between endosymbionts and organelles
is protein import because all (or most) of the
cytosolic proteins in an endosymbiont are en-
coded in its own genome, whereas, as we have
discussed above, most organellar proteins are
nucleus-encoded, translated in the host cy-
tosol, and targeted to the organelle using a
protein import apparatus (20, 91). This is-
sue begs one key question: Is there evidence
of plastid protein import that is indepen-
dent of the canonical Tic-Toc machinery and
therefore could have facilitated this important
function in the “pre-Toc-Toc” world of plas-
tids, and therefore possibly also in Paulinella?
It is clear, however, that we will not find the
de novo origin of a Tic-Toc translocon in
Paulinella or in any either case of independent
primary plastid acquisition.

Protein Import through the
Endomembrane System

Until recently, our knowledge of the pro-
teomes of plastids and mitochondria was
mostly based on bioinformatic analysis of
the deduced proteomes of a relatively small
number of plant species (1, 60). Computa-
tional tools such as TargetP (24) were used to
identify organellar-targeting signals reason-
ing that the presence of such targeting sig-
nals would indicate localization in a particu-
lar organelle. This approach was inherently
biased toward identifying organellar proteins
that followed established protein import path-
ways, because known proteins following these
canonical import routes were used to train
the corresponding prediction programs. Re-
cent progress in proteomics has, however,
made it possible to generate comprehensive
inventories of the proteomes of subcellular
compartments and thus provide direct exper-
imental evidence for subcellular localization
of proteins. Several recent proteomics stud-
ies have analyzed the proteomes of various
plastid subtypes and of mitochondria (7, 27,
34, 47, 72, 88, 98). With respect to pro-
tein import, two surprising discoveries were
made: (a) a relatively large number of pro-
teins are apparently targeted to both mito-
chondria and plastids (dual-targeting) and (b)
the plastid stroma contains a sizeable number
of proteins that do not carry plastid-targeting
signals (41, 66). For example, in a comprehen-
sive analysis of the total Arabidopsis chloro-
plast proteome, Kleffmann et al. (47) found
that of 604 nuclear-encoded, plastid-localized
proteins that were identified with high confi-
dence, only 376 (62%) were predicted to have
plastid-targeting signals using the program
TargetP. Even more surprisingly, 49 proteins
not featuring a plastid-targeting signal were
predicted by TargetP to have endoplasmic
reticulum (ER) signal sequences (8% of the
total). When compared to the total Arabidop-
sis proteome, this subset of putatively non-
canonically targeted proteins was significantly
enriched in proteins that have their closest
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ortholog in cyanobacteria (7.2% versus
4.4%). In addition, the genes encoding these
proteins in many cases were expressed at rel-
atively low levels, making it unlikely that
the proteins in questions represented highly
abundant contaminants from other cellular
fractions. Together with the low level of con-
tamination of the chloroplast fraction with
abundant proteins from other cellular or-
ganelles such as mitochondria, this provides
strong evidence for noncanonical targeting of
a considerable share of the plastid proteome.
In a more recent proteomics study of rice
etioplasts, 240 plastid proteins were identified
with very high confidence, of which 224 are
encoded by the nuclear genome (the remain-
der being plastid-encoded; 98). Whereas 168
(75%) of the 224 nuclear-encoded proteins
were predicted by TargetP to carry plastid-
targeting sequences, 10 (4.5%) were predicted
to localize to the secretory pathway (i.e., they
feature an ER signal sequence; 98).

Of course, classification of an N-terminal
extension as ER signal sequence by TargetP
cannot serve as conclusive evidence for non-
canonical targeting of a particular protein. In
addition, it is possible that some sequences
classified as ER signals by TargetP are actually
recognized by the chloroplast protein import
complex and thus follow the canonical import
pathway. Nevertheless, proteomics indicates
that targeting of proteins to chloroplasts
might be more complex and might involve
more pathways than previously assumed (42,
74, 91). A recent study by Villarejo et al.
(97) provided direct experimental evidence
for routing of an α-carbonic anhydrase
(CAH1) to the Arabidopsis chloroplast via
the secretory pathway. Similar to secreted
carbonic anhydrases, CAH1 carries a short
N-terminal extension that is predicted by
TargetP as an ER signal sequence. However,
using a specific antiserum, CAH1 was local-
ized to the chloroplast fraction in subcellular
localization studies and a carboxy-terminal
CAH1-GFP-fusion protein was localized to
the chloroplasts in transiently transformed
Arabidopsis protoplasts. Whereas these ex-

GFP: green
fluorescent protein

periments confirm that CAH1 is indeed
plastid-localized, they do not show that the
protein is routed through the secretory path-
way. However, when the 40 N-terminal amino
acid residues of CAH1 were fused to the N
terminus of a GFP-protein carrying a KDEL
ER-retention signal at its C terminus, the
resulting chimeric protein was retained in the
ER, indicating that the N terminus of CAH1
represents a functional ER signal sequence.
Full-length in vitro transcribed and trans-
lated CAH1 was not imported into isolated
chloroplasts, but into microsomes. These
experiments indicated that CAH1 was enter-
ing the chloroplast through a pathway that is
independent of the Tic-Toc complex, likely
by vesicular transport through the secretory
pathway. Indeed, routing of CAH1 through
the secretory pathway was demonstrated by
showing that authentic chloroplast CAH1
is N-glycosylated and that CAH1-GFP
transport to the chloroplast in transiently
transformed protoplasts was inhibited by
Brefeldin A, an inhibitor of Golgi-mediated
vesicular traffic. Taken together, this study
provided for the first time conclusive evidence
for protein transport to the chloroplast via the
secretory pathway. In addition, the authors
demonstrated that the Arabidopsis chloroplast
stroma contains a surprisingly large number
of additional N-glycosylated (i.e., fucosylated)
proteins. Since fucose epitopes are added
to the protein backbone within the Golgi
apparatus (53), this indicates that routing
of proteins to the plastid via the secretory
pathway is not restricted to CAH1 (97).

In a fascinating recent study, Andersson
et al. (4) used a combination of optical tweez-
ers and confocal microscopy to demonstrate
for the first time a physical interaction of ER-
membranes with the surface of the chloroplast
in living cells. It was shown that distinct do-
mains of the ER localized to the chloroplast
surface and that a force of 400 pN was not suf-
ficient to remove these ER-patches from the
chloroplast surface. Whereas these membrane
contact sites between the ER and chloro-
plasts were discussed in the context of lipid
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Secondary plastid:
plastid originating
from a secondary
endosymbiosis, as in
the red algal-derived
secondary plastid in
chromalveolates

trafficking between the ER and chloroplast, it
might well be that this close physical interac-
tion between the ER and chloroplast is also in-
volved in routing proteins to the chloroplast.

The findings outlined above are impor-
tant with respect to plastid establishment dur-
ing endosymbiosis because they conclusively
demonstrate that import of proteins into the
plastid does not exclusively require a func-
tional Tic-Toc import apparatus. Based on
these recent findings and other evidence, as
outlined above, it is tempting to hypothesize
that sorting of proteins to the evolving plastid
initially occurred via the host protein secre-
tion system. A more efficient sorting system
evolved later, recruiting parts of the cyanobac-
terial protein secretion apparatus (75–77),
pre-existing components of the mitochon-
drial protein import complex (68), as well as
novel proteins. This hypothesis is consistent
with the fact that protein targeting to chro-
malveolate plastids always involves routing
through the secretory pathway, thus recapitu-
lating the process that occurred during estab-
lishment of the primary plastid in the ‘Plan-
tae’ ancestor (18). This ancient noncanonical
pathway for targeting proteins to the evolv-
ing chloroplasts was critical for plastid tar-
geting of solute translocators, most of which
have evolved from existing endomembrane
host transporters (99; D.B. & A.P.M.W., un-
published results). Even more strikingly, the
triosephosphate/phosphate transporter was
adopted by the chromalveolates by horizon-
tal transfer from the nuclear genome of the
red algal endosymbiont, followed by expan-
sion of the chromalveolate gene family, and
acquisition of ER-targeting signals, thus re-
capitulating this critical step in endosymbiont
establishment (99).

Given these findings and ideas, we posit
that organelle genesis does not need, and
should not be defined by, the evolution of a
complex protein import machinery. It is far
more likely that the ancient primary plastid
was established using existing tools available
in the host cell (see Figure 3) and became
an organelle long before the evolution of the

canonical Tic-Toc system. This initial phase
of protein import via the secretory pathway
not only made permanent the endosymbiosis
but also allowed time for the gradual devel-
opment of more complex traits such as large-
scale EGT, plastid-nuclear genome integra-
tion, and evolution of the Tic-Toc protein
import machinery. In the next section, we
briefly review how the complex machinery for
photosynthesis developed by the ‘Plantae’ was
then passed on to other protists via secondary
endosymbiosis.

SECONDARY PLASTIDS

Origin of Secondary Plastids

Soon after the split of red and green algae, it is
hypothesized that a member of the red lineage
was engulfed by a nonphotosynthetic protist
giving rise to the pigmented ancestor of the
‘Chromalveolata’ (16). This supergroup was
originally defined as the algal lineages cryp-
tophytes, haptophytes, stramenopiles, and di-
noflagellates and the nonphotosynthetic cil-
iates and apicomplexans. Recent analyses of
aquatic biodiversity suggests that katable-
pharid and telonemid protists also belong in
this supergroup (69a, 86a). In separate, more
recent endosymbioses, green algae were in-
dependently engulfed by the common an-
cestor of the chlorarachniophyte amoebae
(‘Rhizaria’) and of the euglenids (‘Excavata’),
giving rise to two distinct lines of green sec-
ondary plastids (85) (see Figure 4a). Evi-
dence for a red algal plastid in chromalveolates
comes from plastid gene trees, phylogenies in-
ferred from nuclear-encoded plastid-targeted
proteins, and the occurrence of unique gene
duplications and protein-retargeting events in
this lineage (e.g., 13, 25, 33, 54, 69, 102).
As mentioned above, the branching order of
chromalveolates and the overall monophyly of
this supergroup remain in question. However,
for our purposes, it is well documented that
most plastid-localized proteins in photosyn-
thetic chromalveolates are of red algal origin.
Given this observation then, it is clear that
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gene transfer was also rampant in chroma-
lveolates but in this case from the nucleus of
the secondary endosymbiont (red alga) to that
of the host. In all chromalveolate groups ex-
cept the cryptophytes, which retain a remnant

of the red algal nucleus (30), the endosym-
biont nucleus has been eliminated, indicating
that all genes necessary to control the plastid
have been transferred to the host nucleus (22).
A typical tree inferred from a multiprotein

Outer

membrane

Inner

membrane

Intermembrane

space

Vesicle

fusion

Synthesis of
host membrane

transporters

Transport vesicles
carry membrane

transporters for diverse
cell destinations

Membrane

  insertion

Plastid transporter

diversification 

a

Endosymbiont

Ancestral

antiporter recruitment

 Nucleus

Golgi

 RER

Alternative protein
import pathway

Canonical TIC-TOC
protein import pathway

b

 Vesicles

 Vesicle fusion

Golgi

N

C
 Protein
 Precursor

Nucleus

Tic40

Toc159

Tic22

 TOC

 TIC

Toc75

Toc34

Toc64

Tic20

Tic32
Tic21

Toc12

Tic62 Tic110

Tic55

?

Figure 3
Hypothetical models for the origin of plastid-targeted transporters (a) and a Tic-Toc independent plastid
protein import system (b) in the common ancestor of ‘Plantae’. (a). Under this scenario, vesicles arising
from the rough endoplasmic reticulum (RER) that carry membrane transporters to diverse cell locations
fuse with the plastid outer membrane, delivering the first solute transporters to the nascent primary
plastid. Metabolites being exchanged between the host and endosymbiont are represented as red and blue
filled circles. (b). The initial protein import system in plastids was independent of the Tic-Toc system and
resulted from vesicle fusion with the outer plastid membrane.
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Thalassiosira pseudonana
Phaeodactylum tricornutum

Heterocapsa triquetra
Alexandrium tamarense
Amphidinium carterae

Galdieria sulphuraria
Cyanidioschyzon merolae

Eudicot
Arabidopsis thaliana

Oryza sativa
Chlamydomonas reinhardtii
Bigelowiella natans

Nostoc sp. PCC7120
Crocosphaera watsonii WH8501

Synechococcus elongatus PCC6301
Gloeobacter violaceus PCC7421

Euglena gracilis

Chromalveolates

Red algae

Cyanobacteria

Green algae

Chlorarachniophyte
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Stramenopiles
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algae

Photosynthetic

‘Plantae’ ancestor

Ancestral

Chromalveolate

Euglenids

Chorarachniophytes

Green

algae

Figure 4
The origin(s) of plastids in photosynthetic eukaryotes. (a) Multiple lines of evidence (see text) support the
single origin of the primary plastid in the ‘Plantae’ common ancestor. The plastid in red and green algae
was then transferred to chromalveolates, euglenids, and chlorarachniophyte amoebae via independent
secondary endosymbioses. (b) Phylogenetic tree based on maximum likelihood analysis of a data set of 6
nuclear-encoded plastid-targeted proteins that shows the origin of the primary plastid in ‘Plantae’ from a
cyanobacterial source (blue circle), the secondary origin of the red algal plastid (red circle) in
chromalveolates, and the independent origins of the green algal plastid (green circles) in euglenids, and
chlorarachniophytes (see text for details). These latter two groups are not part of the phylogenetic
analysis and have been simply added to the tree.

analyses of nuclear-encoded plastid-targeted
proteins that supports the monophyly of chro-
malveolate plastids is shown in Figure 4b.
The separate origins of the chlorarachnio-
phyte and euglenid green plastids that was in-
ferred from analysis of plastid genomes from
these taxa (85) have been added to this tree.
The potential power offered by phylogenetics
is exemplified by Figure 4b in which we can
trace in one framework the origin of prokary-
otic genes in eukaryotic nuclear genomes via
primary endosymbiosis (filled blue circle) and
the subsequent transfer of these genes from
one or more red algae to the chromalveolates
via secondary endosymbiosis (filled red circle).
This type of analysis has also provided direct
evidence for tertiary endosymbiosis in which

an alga containing a secondary plastid was it-
self engulfed and retained by another protist
(13, 40, 69). Although not discussed in detail
here, this phenomenon is until now limited
to dinoflagellates that are the masters of serial
endosymbiosis (31).

Case Study: The Peculiar Path of
Dinoflagellate Peridinin Plastid
Evolution

The most common type of plastid in di-
noflagellates contains peridinin as the major
carotenoid. This pigment, although similar
in structure to fucoxanthin, is unique to
this group. Three membranes surround the
peridinin-containing plastid, which is not
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within the lumen of the ER as in other
chromalveolate algae and the sister group of
dinoflagellates, the apicomplexans. The plas-
tid genome in peridinin plastids is remarkably
different from that of other photosynthetic
eukaryotes. Plastids generally contain a
circular genome that, while varying in size
and genetic content, is about 150 kb and
encodes from 100–200 genes. In comparison,
a free-living cyanobacterium typically has a
genome of about 4000–5000 kb. Even the
plastid genomes of nonphotosynthetic eu-
karyotes (e.g., Plasmodium falciparum, Epifagus
virginiana, Euglena longa) are a single circular
molecule with reduced gene content, primar-
ily lacking genes involved in photosynthesis.
In contrast, the plastid genome of peridinin-
containing dinoflagellates is highly reduced
and broken up into single gene minicircles.
Currently, over a dozen proteins are encoded
on these minicircles, in addition to the large
(LSU) and small (SSU) subunits of the plastid
ribosomal RNA, tRNAs, and “empty” mini-
circles or those encoding pseudogenes (8, 9,
36, 49, 50, 105, 106). These sequences include
the core subunits of the photosystem (atpA,
atpB, petB, petD, psaA, psaB, psbA-E) and four
other proteins ( ycf16, ycf24, rpl28, and rpl23).
The remaining genes required for photosyn-
thesis have been lost from the plastid and
presumably moved to the nucleus. The mi-
gration of the plastid genome to the nucleus
was recently documented for three dinoflag-
ellates (Alexandrium tamarense, Amphidinium
carterae, and Lingulodinium polyedrum; 6, 32).
We analyzed a comprehensive set of 6480
unique cDNAs from Alexandrium and found
that 15 genes (among others) that are encoded
in the plastid in all other photosynthetic eu-
karyotes have been moved to the nucleus
in this species (32). The majority of these
nuclear genes encode a typical dinoflagellate
plastid-targeting sequence (32). It is unknown
what forces set into motion the remarkable
movement of plastid genes to the nucleus in
peridinin dinoflagellates and how these taxa
have overcome the barriers to gene transfer
that maintain many plastid genes in this or-

EST: expressed
sequence tag

ganelle. Unlike eukaryotes that have reduced
plastid genomes due to the loss of photosyn-
thetic capacity or the evolution of a parasitic
lifestyle, most peridinin dinoflagellates are
free-living photoautotrophs or mixotrophs.

ENDOSYMBIOTIC GENE
TRANSFER

Primary EGT

Another fundamental hurdle that was crossed
in both primary and secondary plastid en-
dosymbiosis was EGT from the captured cell
to the host nucleus. The genes that remain
in the plastid in both types of endosymbio-
sis are primarily involved in photosynthesis or
transcription and translation of plastid genes,
whereas most genes needed to maintain the
plastid are encoded in the nucleus. Recent
bioinformatic analyses are starting to unravel
the quantity and quality of EGT from both
primary and secondary endosymbionts. In an
important analysis of the Arabidopsis genome,
it was suggested that 18% of the nuclear
genome (4500 genes) of this land plant may be
of cyanobacterial origin (60), with about one
half of these transferred genes postulated to
be involved in plastid-independent functions.
This result was recently tested using EST data
from the glaucophyte Cyanophora paradoxa.
Bioinformatic analysis of these algal data pro-
vided a different view of primary EGT. Out of
3576 Cyanophora nuclear genes that were ana-
lyzed, 1226 had significant hits to sequences in
GenBank. Of the latter set, only 10.8% were
of cyanobacterial origin and one ninth of these
had nonplastid functions (79). Assuming that
Cyanophora contains 12,000–15,000 genes, the
cyanobacterial component is ca. 1500 genes in
this species. These results indicate that, unlike
plants, early diverging algal groups may re-
tain a smaller number of endosymbiont genes
in their nucleus with only a minor propor-
tion of these recruited for nonplastid func-
tions. Although surprising, these numbers are
consistent with more recent analyses by Sato
et al. (86) of cyanobacterial genes that are

www.annualreviews.org • Plastid Endosymbiosis 157

A
nn

u.
 R

ev
. G

en
et

. 2
00

7.
41

. D
ow

nl
oa

de
d 

fr
om

 a
rj

ou
rn

al
s.

an
nu

al
re

vi
ew

s.
or

g
by

 M
A

R
IN

E
 B

IO
L

O
G

Y
 L

A
B

O
R

A
T

O
R

Y
 / 

W
H

O
I 

L
IB

R
A

R
Y

 o
n 

08
/1

4/
07

. F
or

 p
er

so
na

l u
se

 o
nl

y.



ANRV329-GE41-08 ARI 21 June 2007 22:19

HGT: horizontal
gene transfer

nupDNA: nuclear
DNA of plastid
origin

Myr: million years

plastid-targeted in Arabidopsis (1192/25,500
genes = 4.7%) and the red alga Cyanidioschy-
zon merolae (676/5331 gene = 12.7%) using
phylogenetic profiling. Richly & Leister (81)
calculated a value of 880/25500 = 3.45%
plastid-targeted genes of cyanobacterial ori-
gin in Arabidopsis. These authors also found
that out of 857 plastid-targeted proteins of
cyanobacterial ancestry that are shared be-
tween Arabidopsis and Oryza, about 650 con-
stitute the minimal core set of endosymbiotic
proteins required for angiosperm plastid func-
tion. The remainder of the plastid-targeted
proteins in plants (and algae) is derived from
the host, the protomitochondrial genome,
or from horizontal gene transfer. For exam-
ple, there are many cases of the retargeting
of existing host proteins that either add to
or replace the cyanobacterial homologs [e.g.,
Shikimate pathway see (80), Calvin cycle, see
(78)]. Future analyses of other algal and plants
genomes promise to more clearly explain the
early history of primary EGT in ‘Plantae’, sec-
ondary EGT in chromalveolates, and differ-
ences in gene retention or recruitment over
millions of years through duplication or hor-
izontal gene transfer (HGT).

Recent EGT Events in Green Algae
and Land Plants

An important contribution to understand-
ing ancient EGT in ‘Plantae’ comes from
analysis of modern-day plants. In flowering
plants (angiosperms), the widespread pres-
ence of nuclear copies of plastid is well de-
scribed (5, 73, 96). These findings were signif-
icantly accelerated by comprehensive analysis
of the complete genome sequences of Ara-
bidopisis and Oryza sativa. The nuclear-located
fragments of plastid DNA (nupDNA) origin
range from 1–131 Kb in length (61). Simi-
larity searches at different BLAST cutoff val-
ues in the genomes of Arabidopsis, Oryza, and
Chlamydomonas reinhardtii show the unicel-
lular green alga has markedly less nupDNA
than its angiosperm cousins (82). The fact that
Chlamydomonas contains a single plastid could

constrain the likelihood of DNA release to the
cytoplasm (i.e., resulting in cell death; 55, 57,
82).

An excellent example of the frequency of
plastid DNA integration is given by the 131-
Kb nupDNA in chromosome 10 of Oryza (var.
japonica). The fragment, which corresponds
to ca. 97% of the complete Oryza plastid
genome, is apparently absent in both Oryza
(var. indica) and Oryza nivara (39). The Oryza
(var. japonica) 131-Kb nupDNA shows evi-
dence of recombination events, deletions, and
insertions in comparison to the three Oryza
spp. plastid genomes (39). Using molecular
clock approaches, Huang et al. (39) estimated
a time between 74,000–296,000 years ago
for the integration event. The transferred
fragment is undergoing a random mutation
process (nonsynonymous substitutions num-
ber twice synonymous substitutions, and
there are numerous nonsense mutations) and
is destined for inactivation (39). A recent
analysis suggests that ca. 0.2% (0.9 Mb
distributed in 701 potential nupDNAs;
BLAST E value <10−10) of the rice genome
corresponds to multiple nupDNAs. The
integration of large fragments occurs mainly
in the chromosome pericentromeric regions
(61). These regions are rich in transposable
elements and gene-poor and could be a
potential haven for the emergence of “new
genes” (29, 48, 61, 82, 94). In addition
to the 131-Kb insertion, the rice genome
contains 11 other nupDNA insertions greater
than 10 Kb. They have undergone multiple
rearrangements (e.g., inversions, deletions)
but still retain high similarity (>99%) to
the plastid genome, suggesting that once
inserted, nupDNA is rapidly fragmented.

Analyses of the IR (inverted repeat) re-
gion of the plastid genome and in nupDNAs
indicate that plastid DNA transfers have oc-
curred repeatedly during rice evolution (61).
Matsuo et al. (61) estimated that the ma-
jority of rice nupDNAs was acquired in the
last million years (Myr). If we assume con-
stant rates of transfer, then more than 90%
of nupDNAs vanish after 2 Myr. The main
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conclusion from this study is the identifica-
tion of a dynamic equilibrium between the re-
peated transfer of plastid DNA and their rapid
elimination from nuclear chromosomes (61).
Therefore it appears that despite repeated
transfers of nupDNA in plants, virtually all
are destined for inactivation.

We suggest this latter observation reflects
an advanced state of primary endosymbiosis
in which nuclear-plastid genome integration
is highly derived and large-scale EGT (plas-
tid gene loss) is no longer a pervasive phe-
nomenon. Clearly, a low level of primary plas-
tid EGT is an ongoing process, particularly in
plants (e.g., 58) and has taken an extreme turn
in peridinin dinoflagellates (32). However, the
large number of conserved, resident genes
across most algal/plant plastid genomes (ca.
45–50 genes; e.g., 83) that have been main-
tained since the split of the ‘Plantae’ lineages
over a billion years ago suggests that stasis has
largely been achieved with regard to EGT. In
comparison, it is approximated that ca. 1000
cyanobacterial genes were transferred to the
nucleus in different ‘Plantae’, most of these
prior to the separation of the red, green, and
glaucophyte algae. For example, in our analy-
sis of Cyanophora we found that of the nuclear
genes of cyanobacterial origin in this species,
ca. 80% were found as nuclear-encoded ho-
mologs in green and/or red algae (79). This
result suggests that EGT was a significant
force in the early evolution of this supergroup.
This burst of EGT likely reflected strong se-
lection to relocate plastid genes to the nu-
cleus, for example, to escape the deleterious
effects of Muller’s ratchet in nonrecombining
organelle genomes (58) and to establish nu-
clear control of plastid gene expression.

Experimental Evidence for EGT

In recent years, plastid transformation ex-
periments in angiosperms have been used
to estimate the rate of gene transfer from
plastids to the nucleus. The design of these
experiments takes advantage of the maternal
inheritance of plastids in plants and the avail-

ability of antibiotic resistance genes (ARG)
that can be actively expressed in the nucleus
or in the plastid. In a key study, Huang
et al. (37) transformed tobacco chloroplasts
with a construct that included the ARG
genes for kanamycin resistance (neomycin
phosphotranspherase, neoSTLS2) that used
a plant-viral promoter and for spectinomycin
resistance (aminoglycoside adenyltransferase,
aad ), that is suitable for selection in plastids.
After biolistic transformation and crossing
experiments, two plant lines were identified
that were resistant to spectinomycin (with the
aad gene successfully integrated in the plastid
genome), but not for kanamycin (with the
neoSTLS2 gene not integrated in the nuclear
genome, but in the plastid). Additional
screening and selection were used to identify
lines with both antibiotic-resistant genes res-
ident in the plastid genome. Thereafter, the
screens produced one kanamycin-resistant
seedling (with the neoSTLS2 gene active
in the nucleus, transferred from the plas-
tid). The conclusive screening of 250,000
test-crosses resulted in 16 plants that were
kanamycin-resistant, providing evidence for
successful plastid neoSTLS2 transfer (37). Us-
ing the same strategy of antibiotic selection in
tobacco, Stagemann & Bock (92) transformed
cells in culture with a single plasmid con-
taining ARG nptII (kanamycin-resistant and
driven by a mosaic virus promoter that would
be active in the nucleus) and aadA (controlled
by a plastid promoter) to obtain cells with
the plasmid integrated in the plastid genome.
Thereafter, selection of transformed leaf cells
resistant to kanamycin identified plant lines
with the nptII gene active in the nucleus.
Using this strategy, Stagemann & Bock (92)
showed that successful gene transfer from the
plastid to the nucleus in tobacco occurred
in 1 out of 5 million somatic cells (93).
Remarkably, in all of the kanamycin-resistant
plants (i.e., that contain the nptII gene trans-
ferred from the plastid) both the active nptII
and aadA genes were detected in the same
genomic vicinity (ca. 1 Kb). Given that ARGs
nptII and aadA were under the control of
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different promoters, it is evident that flanking
sequences were simultaneously transferred.
This result suggests a DNA-based mecha-
nism for DNA transfer and argues against a
mRNA or cDNA intermediate (93).

In a similar line of experiments, Stagemann
& Bock (92) addressed the question of how a
plastid (i.e., prokaryotic) gene becomes active
in the nucleus. These authors used the previ-
ously generated tobacco plant lines with the
ARG nptII and aadA integrated in the nucleus
(93). The assumption was that the inserted
aadA gene would behave as a prokaryote-
like acquired sequence. Through subsequent

crosses of the plants, they selected lines with
the aadA cassette integrated, but inactive (full
spectinomycin sensitivity), in the nucleus and
absent in the plastid genome (92). With ex-
haustive antibiotic screening, a new set of
plants that are spectinomycin-resistant was
identified. The segregation of the phenotype
and RNA hybridization tests demonstrated
that the aadA gene became active in the nu-
cleus of eight plant lines. The accumulated
aadA transcripts were of different lengths.
This result indicated each gene transfer un-
derwent molecular rearrangements. A fun-
damental conclusion from this study is that

Plastid genePromotor

Host gene

- Non-homologous recombination

- Rearrangements

5' 3'

Promotor

Promotor

Host gene

5' 3'

5' 3'Transferred gene

Transcriptionally

activated mRNA

3' UTR

Translated as chimeric

(active) protein

Poly A tail gain

Transcriptionally

activated mRNA

3' UTR

Translated as

active protein

Poly A tail gain

i

ii

5'
3'

Host DNA (nuclear genome)

5'
3'

Endosymbiont DNA

End alignment

3' strand removal

3' base filling and re-ligation

Free ends (DNA replication)

b  Nonhomologous recombinationa  Gene activation

Transferred gene

Figure 5
Endosymbiotic gene transfer and activation of nupDNA in the host nuclear genome. (a) Under one
scenario (i ), the gene of plastid origin can be activated if it integrates downstream of an expressed host
gene by co-option of existing host promoters of transcription. This would result initially in a chimeric
protein of host-plastid origin. The nupDNA could integrate via DNA-based molecular mechanisms
(e.g., nonhomologous recombination) followed by sequence rearrangements (deletions, insertions,
shuffling). Under a second scenario (ii ), the nupDNA could integrate just downstream of an active host
promoter of transcription and thereby be expressed. Gain of the polyadenylation signal under both scenarios
does not involve major innovations at the sequence level (see text for details). (b) Model of nupDNA
integration in nuclear DNA. Current evidence implicates nonhomologous DNA repair mechanisms
such as nonhomologous end joining (NHEJ) as a potential mechanism for nupDNA integration.
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once a plastid gene is located in the nuclear
genome, transcriptional activation can occur
in different ways. In all cases described here,
the aadA genes was de novo activated through
deleterious events (e.g., deletions, point mu-
tations, and insertions) in the upstream nptII
gene in the construct (inactive in all cases),
but did not affect the mosaic virus promoter.
In other words, the “new” gene was tran-
scriptionally activated using the upstream pre-
existing promoter (92). Consistent with these
experimental results, studies of rice EST li-
braries suggest some transferred plastid se-
quences have gained promoters in the nucleus.
Moreover, some of them ( psbE, rpl22, infA)
are apparently transcribed in both the nucleus
and in the plastid (87).

Another important result from these ex-
periments is that they provide insights into the
acquisition of polyadenylation (polyA) signals
in the transferred genes. The presence of a
3′ polyadenine extension is related to the sta-
bility of the mRNA in eukaryotes and may
be a requirement for successful gene expres-
sion. All of the transferred aadA genes ac-
quired their own polyA signal as an outcome
of the intrinsic high AT-content of the plas-
tid genomes. The original aadA construct in-
cluded the 3′ UTR of the plastid gene psbA.
Once nuclear transcribed, the aadA UTR (AT-
rich region) matched randomly the typical
consensus polyA signal in plants, which is
also rich in AT (AU). This demonstrates that
polyA signal gain does not pose a significant
hurdle for the activation of nupDNA (92).
Taken together, the results described above
demonstrate that given selection for gene ac-
tivation in nupDNA, EGT is a demonstra-
ble mechanism for the transfer and successful
expression (see Figure 5a) of plastid genes.
The integration results are most easily ex-
plained by DNA-directed processes and indi-
cate that RNA-cDNA-mediated mechanisms
(e.g., reverse transcription) likely contributed
marginally to plastid EGT in land plants. The
latter mechanism has, however, played an im-
portant role in the EGT of plant mitochon-
drial genes (e.g., 2).

UTR: untranslated
region

Most studies suggest that plastid (and mi-
tochondrial) DNA integration can be ex-
plained by nonhomologous recombination
(38, 52, 92) such as nonhomologous end join-
ing (NHEJ) DNA repair (Figure 5b). When
a DNA molecule undergoes a double-strand
(DS) break, it is not possible to use a com-
plementary strand to repair the damage. DS-
breaks may occur during cell stress and DNA
replication and transcription (52). NHEJ can
facilitate DNA repair with chain ends lack-
ing perfect complementarity (104), and this
process is consistent with the possible incor-
poration of plastid (or any) DS DNA into the
nuclear genome through the repair process.

CONCLUSIONS

In this review, we have discussed the origin
and spread of the plastid in eukaryotes with
a focus on clarifying early events in plastid
establishment such as the origin of solute
transporters and protein import. These
issues, although of central importance to the
field of plastid endosymbiosis, are neverthe-
less very difficult to address because of their
ancient occurrence. This challenge is being
met with large-scale genomic and phyloge-
nomic analyses from an ever-growing list of
protist genomes and by taking advantage of
discoveries in well-established models such
as Arabidopsis and Chlamydomonas. Given
these extensive data sets, we can now frame
reasonable hypotheses for plastid endosym-
biosis, many of which can be tested through
comparative analysis of different genes and
genomes. For example, we can now with
some confidence postulate that the ancient
primary endosymbiosis occurred a single
time in the ‘Plantae’ ancestor (i.e., excluding
the Paulinella example in the ‘Rhizaria’) and
that the host played a central role in plastid
establishment by providing many of the solute
transporters for reaping immediate benefits
from the endosymbiont and the pre-Tic-Toc
protein import apparatus via the secretory
pathway. This latter development allowed the
first algae to import both host-derived and
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endosymbiont-derived proteins (that are now
nuclear localized) into the organelle. The
Tic-Toc protein import machinery was a later
development in ‘Plantae’ evolution that was
cobbled together from genes of cyanobac-
terial, mitochondrial, and foreign origin.
Furthermore, evidence from plant models
convincingly demonstrates that organellar
DNA is frequently integrated into the nuclear
genome. These studies also provide reason-
able scenarios for endosymbiont gene activa-
tion. Given this body of knowledge and strong
selection for the activation of organellar genes
in the nucleus of the ‘Plantae’ ancestor we
hypothesize that primary plastid endosym-
biosis was largely a process of refinement and
retooling of the host-plastid relationship that
spanned several hundred million years of evo-
lution. Much like Russian dolls, this complex
and highly derived machinery was then trans-
ferred in toto (with subsequent modification)
to chromalveolates and other protists through
secondary (and tertiary) endosymbiosis.

Looking to the future, we suggest that,
whereas plastid genomes offer relatively few
surprises because they are largely impervious
to HGT (e.g., 79a), the significantly more
fluid nuclear genomes need to become the
target for endosymbiosis research. This ap-
proach will provide many important insights
into eukaryotic evolution. For example, algal
nuclear genome data will allow us to identify
the ancestral cyanobacterial gene set shared
by all ‘Plantae’ in contrast to lineage-specific
(e.g., red versus green algae) gene losses and
recruitment events. The incorporation of a
rich sample of EGT candidates from different
algae in phylogenetic analyses will also pro-
vide greater resolution with regard to uncov-
ering key events in their gene and gene fam-

ily evolution. Resolving the eukaryotic tree
of life is also crucial to endosymbiosis re-
search and must be pursued at the genome
level with the utmost urgency. A static or
wildly fluctuating framework based on single
or limited multigene gene data is not suffi-
cient; rather the effort should be to under-
stand gene and genome evolution on a grand
scale. With the availability of complete or
nearly complete genome sequences from a
wide diversity of free-living protist taxa, we
will be able to reconstruct with higher con-
fidence the photosynthetic tree of life and
gain insights into gene recruitment in these
and other taxa through duplication or HGT
and gene losses. In addition, effort needs to
be expended on sequencing the genomes of a
broader diversity of cyanobacteria to explore
the metabolic diversity and the extent of HGT
in these taxa (and therefore potentially of the
ancestral endosymbiont) and to keep alive the
search for the closest sister to the canonical
plastid. Finally, the analysis of protist biodi-
versity in nature is key to advancing the field
of plastid endosymbiosis. The identification
of other models of novel plastid capture such
as Paulinella would significantly accelerate our
understanding of how predatory cells are con-
verted into photoautotrophs or mixotrophs.
These taxa may also help us better understand
the role of the host in driving plastid estab-
lishment and test the ideas we have proposed
in this review. The encouraging news is that,
given an increasing appreciation of microbial
biodiversity and the sinking costs of sequenc-
ing due to the advent of revolutionary new se-
quencing technology, the dream of unlimited
data and opportunities shared by endosym-
biosis researchers will in fact shortly become a
reality.

SUMMARY POINTS

1. The eukaryotic tree of life is divided into supergroups.

2. A single primary endosymbiosis gave rise to the plastid in ‘Plantae’.

3. The distribution and phylogeny of plastid solute transporters supports ‘Plantae’
monophyly and the origin of most of these transporters from the host genome.
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4. Paulinella chromatophora contains a plastid of recent origin.

5. Plastid protein import can occur independently of the Tic-Toc system.

6. Most chromalveolates contain a plastid of red algal origin.

7. Primary EGT is essentially limited to genes of plastid function in algae.

8. Plastid gene transfer to the nucleus occurs frequently in plants.
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