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Recent progress in understanding the origins of plastids from endosymbiotic cyanobacteria is
reviewed. Establishing when during geological time the endosymbiosis occurred remains
elusive, but progress has been made in defining the cyanobacterial lineage most closely
related to plastids, and some mechanistic insight into the possible existence of cryptic endo-
symbioses perhaps involving Chlamydia-like infections of the host have also been presented.
The phylogenetic affinities of the host remain obscure. The existence of a second lineage of
primary plastids in euglyphid amoebae has now been confirmed, but the quasipermanent
acquisition of plastids by animals has been shown to be more ephemeral than initially sus-
pected. A new understanding of how plastids have been integrated into their hosts by transfer
of photosynthate, by endosymbiotic gene transfer and repatriation of gene products back to
the endosymbiont, and by regulation of endosymbiont division is presented in context.

Photosynthesis is biology’s equivalent of al-
chemy converting a common substance

(CO2) into a precious one (reduced carbon
compounds rich in chemical energy). Freely
available light energy is initially converted to
precious chemical energy in the form of ATP.
This energy, and the reducing power generated
by splitting water molecules to release electrons,
is used to fix carbon from atmospheric CO2 and
generate reduced carbon compounds that un-
derpin the biosphere. It is estimated that plants
and algae convert 258 billion tons of carbon
dioxide into biomass by photosynthesis annu-
ally (Geider et al. 2001). Microfossils in ancient
stromatolites indicate that cyanobacterium-like
organisms had invented this process—or an ear-
ly, perhaps nonoxygenic, version of it—at least
3.5 byo (billions of years old) (Lowe 1980; Wal-

ter et al. 1980; Schopf 1993). These photosyn-
thetic prokaryotes substantially predate eukary-
otes, which emerged much later (Rasmussen
et al. 2008; Koonin 2010). The common ances-
tor of all eukaryotes entered into an endosym-
biotic partnership with an a-proteobacterium
that evolved into the mitochondrion, now the
site of aerobic respiration in most eukaryotes
(Gray 2012); animals and fungi are heterotro-
phic descendants of this partnership. Another
lineage, which eventually produced the plants,
entered into a second endosymbiotic partner-
ship, this time with a cyanobacterium, which
transplanted photosynthetic alchemy into eu-
karyotes to create plastids (Gray and Archibald
2012). This review will highlight recent progress
in our understanding of the origin and evolu-
tion of plastids.
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THE ENDOSYMBIONT: WHEN AND WHO?

The notion that plastids trace their ancestry
back to cyanobacteria dates back 130 years when
Schimper first noted similarities (Schimper
1883). However, in that time we have struggled
to (i) identify exactly which of the cyanobacteria
a plastid is most closely related to, and (ii) de-
termine when the endosymbiont and its host
entered into partnership. The obvious antiquity
of plastid endosymbiosis makes these issues dif-
ficult to resolve. Dating plastid endosymbiotic
origin has been contentious. Fossil evidence for
early eukaryotic algae is open to varied interpre-
tation; after all we cannot see from their rock
impressions whether these organisms actually
had a nucleus or a plastid. The oldest fossils
argued to be eukaryotic algae are Grypania at
2.1 byo (Han and Runnegar 1992), Bangiomor-
pha at 1.2 byo (Butterfield et al. 1990), and a
collection of acritarchs, which might be dinofla-
gellates, at 1.2–1.5 byo (Meng et al. 2005). We
thus have a window, depending on which of
these—if any—you accept as the first eukaryotic
alga, of !1 billion years for the origin of plas-
tids. Also, considering that dinoflagellates un-
doubtedly harbor a secondary endosymbiont
and must postdate the initial primary endo-
symbiotic acquisition of a cyanobacterium, the
acritarchs confound the timing even further.
Molecular clock approaches to dating plastid
endosymbiosis are similarly fraught. Fossil
dated phylogeny identifies a window between
1.4 and 1.7 byo (Parfrey et al. 2011), whereas use
of cross-calibrated Bayesian estimates from du-
plicated ATP synthase genes puts the acquisition
of plastids as recently as 0.9 byo (Shih and
Matzke 2013).

Phylogenies incorporating plastids and cya-
nobacteria have positioned plastids alternatively
at the base of the cyanobacterial radiation (Cris-
cuolo and Gribaldo 2011), as sister to coccoid
cyanobacteria (Reyes-Prieto et al. 2010), with
the heterocyst-forming, nitrogen-fixing Cyano-
thece clade (Deschamps et al. 2008), or with
filamentous, heterocyst-forming cyanobacterial
lineages (Deusch et al. 2008). An acknowledged
problem with this question is the confounding
lateral gene transfer among cyanobacteria post-

endosymbiosis. To circumvent this problem
Dagan et al. (2013) compare gene inventories,
finding plastids share the most genes with
filamentous, heterocyst-forming bacteria. They
argue that nitrogen fixation, along with the al-
chemy of photosynthesis, was an early driver
for endosymbiosis but became less important
to the partnership with increasing nitrate abun-
dance (Dagan et al. 2013).

The overwhelming majority of plastid en-
coded genes, and endosymbiont genes relocated
to the host nucleus have cyanobacterial signa-
tures (Deusch et al. 2008), but a small cadre of
genes show remarkable similarity to homologs
from the pathogenic bacteria belonging to the
chlamydiales (Stephens et al. 1998; Brinkman
et al. 2002; Huang and Gogarten 2007; Colleoni
et al. 2010; Price et al. 2012; Ball et al. 2013)
leading to suggestions that in addition to its
cyanobacterial endosymbiont that eventually
evolved into plastids, the early eukaryote also
hosted a Chlamydia-like pathogen that contrib-
uted genes to the host nucleus. Martin (2012)
has argued strongly that the noncyanobacterial
signals in plastid protein genes should be viewed
through the prism of prokaryotic lateral gene
transfer, proposing that the endosymbiont had
likely undergone substantial reticulated gene
evolution before entering its new niche inside
a eukaryote. Indeed, exhaustive analysis reveals
a mosaic of prokaryotic signals from right across
the diversity of bacteria in the plant genome,
probably introgressed by the cyanobacterial en-
dosymbiont after it had experienced numerous
lateral gene transfers (Dagan et al. 2013). Clearly
we need to come to grips with lateral gene
transfers in cyanobacteria both before and after
they entered into endosymbiosis, which further
emphasizes the need to know when and who.

Recently a mechanistic rationalization of the
cryptic Chlamydia-like endosymbiont hypoth-
esis was put forward (Colleoni et al. 2010; Ball
et al. 2013). Dubbed the ménage à trois hypoth-
esis (Baum 2013), the idea is based around stor-
age by the host of carbohydrates procured from
the photosynthetic endosymbiont. In a nut-
shell, the ménage à trois hypothesis posits that
Chlamydia-like infection of the eukaryote host
preadapted it to take better advantage of a cya-
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nobacterial endosymbiont by facilitating assim-
ilation of a photosynthetic endosymbiont. Ball
et al. (2013) point out that cyanobacteria store
excess photosynthate as glycogen, which they
polymerize from ADP-glucose monomers. Eu-
karyotes also store glycogen, but they normally
build it up from UDP-glucose with enzymes
that do not recognize other nucleotide sugars
like ADP-glucose. Therefore a eukaryotic host
might have had a problem if its cyanobacterial
endosymbiont was donating ADP-glucose be-
cause it would be unable to efficiently modify
or store the purloined photosynthate. However,
if the host could make use of Chlamydia genes
encoding ADP-glucose-friendly enzymes, cya-
nobacterial endosymbiosis might have been
enhanced (Ball et al. 2013).

As with all preadaptation scenarios, the
problem lies in the lack of positive selection for
the preadaptation before the acquisition of a
symbiont. In other words, why would the eu-
karyote maintain a suite of unusable ADP-glu-
cose-modifying enzyme genes acquired by later-
al gene transfer from a Chlamydia-like parasite
until it also acquired a cyanobacterial endosym-
biont? But, according to Ball et al. (2013), there
is a neat solution to this paradox. Theyargue that
the eukaryotic host did not initially acquire the
genes from its Chlamydia infection, just the en-
zymes. Ball et al. (2013) argue that Chlamydia-
like parasites secrete ADP-glucose-modifying
enzymes into their hosts to manipulate their
carbohydrate processing in ways favorable to the
parasite. This subjugation of host sugar usage by
a parasite had the effect of preadapting the host
to successful hosting of a photosynthetic cyano-
bacterium because its cytosol contained a suite
of enzymes able to use prokaryote-like nucleo-
tide sugars (Ball et al. 2013). Gene transfer from
pathogen to host would then have been selected
for if it favored endosymbiosis with a cyanobac-
terium-like partner.

PAULINELLA—RETHINKING THE
SINGULARITY OF PLASTID ORIGIN

Dogma has it that a primary endosymbiosis
between eukaryotic host and a cyanobacterial
endosymbiont to create a plastid occurred (or

survived) just once. However, new data on a
little known euglyphid amoeba known as Pau-
linella has dismantled this paradigm. Paulinella
chromatophora is a testate amoebae described in
the 19th century by Robert Lauterborn (Lauter-
born 1895). The genus name commemorates his
aunt (Melkonian and Mollenhauer 2005), but
even though Lauterborn knew he had found
something significant, he could not anticipate
just how important this organism is in endo-
symbiosis. The photosynthetic symbionts in
Paulinella are highly reminiscent of cyanobacte-
ria, right down to the peptidoglycan wall and
division by binary fission (Kies 1974). The pho-
tosynthetic symbionts were originally known
as chromatophores (Lauterborn 1895), but I
believe they now have to be recognized as bona
fide plastids—plastids with a separate origin to
all others.

rRNA phylogeny confirmed the cyanobac-
terial source of chromatophores (Marin et al.
2005, 2007). Sequencing of the chromatophore
genome revealed massive reduction in compar-
ison with free-living cyanobacteria; Paulinella
chromatophores retain only 26% of the genes
they would have originally possessed before
entering into the endosymbiosis with the theca-
moeba (Nowack et al. 2008). Genes for many
crucial metabolic pathways including amino
acid biosynthesis, cofactor biosynthesis, and the
TCA cycle appear lost implying that they must
have transferred to the thecamoeba host (No-
wack et al. 2008), and transcriptomic analyses
of nucleus-encoded genes corroborate endo-
symbiotic gene transfer (Nowack et al. 2011).
Repatriation of endosymbiotically transferred
genes’ products (a series of photosystem I pro-
teins) back to the chromatophores from the the-
camoeba cytoplasm via the Golgi was recently
shown (Nowack and Grossman 2012). We thus
appear to have a parallel endosymbiotic gener-
ation of a plastid. Understanding how the host
solved the problem of targeting proteins to the
symbiont is the next challenge in this system. It
is estimated that the symbiosis between cyano-
bacterium and thecamoeba is little more than
60 myo (millions of years old) (Nowack et al.
2008), far more recent than the primary endo-
symbiosis spawning canonical primary plastids
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(see above). The realization that a second exam-
ple of primary plastid acquisition was living in
the ponds and reservoirs around us was a reve-
lation, one that not only challenges our defini-
tion of what a plastid is (Bhattacharya et al. 2007;
Keeling and Archibald 2008; Nakayama and Ar-
chibald 2012), but also promises to shed new
light on their origins.

CRAWLING LEAVES

Although the Paulinella plastid endosymbiosis
will rewrite the textbooks, anothercase of plastid
acquisition seems less well integrated than pre-
viously thought. Sacoglossan sea slugs sequester
plastids from grazed algae into a modified zone
of their gut (Rumpho et al. 2011; Pierce and
Curtis 2012). Known as kleptoplastidy, this ap-
parent xenotransfer of photosynthesis into ani-
mals has fascinated evolutionary biologists and
creationists alike (Doyle 2010) and fueled the
science fiction notion of creating photosynthetic
humans (Agapakis et al. 2011). The plastid-con-
taining slugs are able to live without food for
many months, and the assumption has always
been that the plastids supply the slug with pho-
tosynthate (Rumpho et al. 2011; Pierce and Cur-
tis 2012). Moreover, the longevity of the plastids
in the slug cells strongly suggested that the slugs
were nurturing their stolen plastids, perhaps
even with products from genes that the slugs had
acquired from the alga (Rumpho et al. 2011;
Pierce and Curtis 2012). Various efforts to iden-
tify slug nucleus-encoded proteins in these plas-
tids never yielded definitive proof (Mujer et al.
1996; Rumpho et al. 2008; Pierce et al. 2009), and
recent transcriptomic approaches now suggest
that no successful endosymbiotic gene transfer
between alga and slug has occurred (Wagele et al.
2011; Bhattacharya et al. 2013). Nevertheless, a
counterclaim that slugs do indeed express genes
acquired from algae based on the presence of
some very low frequency transcripts has also
been presented (Pierce et al. 2012).

HOW TO TAME YOUR SYMBIONT

Domesticating a photosynthetic symbiont re-
quires three elements: tapping it for photosyn-

thate, procuring genes to supply it with proteins,
and regulating its division. Gaining access to the
photosynthate is argued to be the first critical
step of plastid acquisition (Weber et al. 2006).
A key innovation is posited to have been the
recruitment of host nucleotide sugar translo-
cators into the photosynthetic symbiont inner
membrane. These transporters are now known
as plastidic phosphate translocators (pPTs)
(Weber et al. 2006). pPTs occur in all known
plastids and must thus have arisen early in the
establishment of the endosymbiosis before di-
vergence into the principle lines of algae (Weber
et al. 2006; Weber and Osteryoung 2010). pPTs
are also argued to be ideal for tapping photo-
synthate from an endosymbiont because they
are antiporters (they counter exchange inorgan-
ic orthophosphate for phosphorylated carbon
compounds) and their action would not upset
the metabolic homeostasis in either host or sym-
biont such as might occur with unregulated uni-
directional transport (Weber et al. 2006; Weber
and Osteryoung 2010). The pPT family has di-
versified to exchange a wide selection of reduced
carbon compounds to suit the metabolic needs
of different plastids (even nonphotosynthetic),
but always by counter exchange, further empha-
sizing the criticality of this principle (Weber and
Linka 2011).

The cyanobacterial endosymbiont intro-
duced a trove of genetic novelty into the host.
Hosts have apparently picked through this trove
like a bargain hunter at a trash and treasure out-
let (Larkum et al. 2007) making both strategic
acquisitions and apparently eclectic gene adop-
tions (Deusch et al. 2008; Martin 2012). Thanks
to some clever experiments we have some good
insight into how (mechanistically) this oppor-
tunity shopping occurred (Huang et al. 2003).
What’s more, we have even found a few instances
in which the endosymbionts would seem to
have shut up shop, all but ceasing to relinquish
any further genes to their hosts (Lister et al.
2003; Smith et al. 2011; Curtis et al. 2012).

Modern plastids typically encode about
100–200 genes, but a free-living cyanobacteri-
um encodes several thousand genes. Although
many endosymbiont genes were apparently lost
(the peptidoglycan synthesis genes for instance
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are only retained in the plastids of the glauco-
phytes), a large number of genes were trans-
ferred to the host nucleus (Martin et al. 1998;
Martin 2003; Deusch et al. 2008). Transfer of
genes was likely a selective advantage for several
reasons. First, the endosymbionts—now locked
up inside their host—effectively became a clon-
al line relinquishing any opportunity for genetic
exchange (and hence purifying selection) with
any population of relatives. Nonlethal muta-
tions would have been free to accumulate in a
scenario referred to as Muller’s ratchet. Reloca-
tion of these genes to the sexual host nucleus
would provide all the advantages of diploidy,
recombination and purifying selection so it
was presumably selected for. Transferring genes
to the nucleus might also have removed them
from potential damage by reactive oxygen spe-
cies produced by the release and transfer of
electrons during photosynthesis (Allen 2003).
The transfer of DNA from endosymbiont to
host nucleus has been reconstructed in tobacco
plants in the laboratory and shown to be sur-
prisingly frequent (Huang et al. 2003). Consid-
ering the time frame, it is not at all surprising
that the majority of genes for plastid proteins
are now nucleus encoded. Indeed, the question
that now needs answering is why any genes are
still encoded by plastids (Allen and Raven 1996;
Allen 2003).

It is not exactly clear how DNA is released
from the endosymbiont and then integrated
into the host nucleus, but the favored model is
rupture of the symbiont and random integra-
tion of pieces of endosymbiont DNA (apparent-
ly of all sizes) into host nuclei by nonho-
mologous end joining into chromosome breaks.
Analyses of gene transfer frequencies in plants
(which have multiple plastids) and Chlamydo-
monas (which has just one) have revealed inter-
esting differences in the rate of transfer (Huang
et al. 2003; Lister et al. 2003). Known as the
“limited transfer window” hypothesis, this
idea rationalizes the observed relationship be-
tween the number of endosymbionts and the
frequency of endosymbiotic gene transfer to
the host. Simply stated, hosts with multiple
endosymbionts have more chance of successful
DNA transfer to the nucleus than hosts with

few or just one endosymbiont (Lister et al.
2003; Smith et al. 2011). Multiple endosym-
bionts means multiple potential donors, but,
perhaps more importantly, it is also postu-
lated that hosts with just a single endosymbiont
would either not survive the catastrophe of sym-
biont rupture or at least lose their only endo-
symbiont and need to return to a solo existence
again (Lister et al. 2003). The limited transfer
principal even extends to DNA transfers be-
tween plastids and mitochondria (Smith 2011),
and between nucleomorphs (endosymbiotic
nuclei) and their host nucleus (Curtis et al.
2012). Puzzlingly, transfer of DNA, either mito-
chondrial or nuclear, into plastids is extremely
rare (Rice and Palmer 2006; Smith 2011).

Once the gene for a plastid-essential protein
has been duplicated into the host cell nucleus,
several things can occur. If the gene is expressed,
the cell might discover a use for it, and posi-
tive selection could ensue. Otherwise the gene
will likely decay and disappear. In this way most
transfers probably just disappear, but many
symbiont-derived genes have been recruited
for host functions (Martin and Schnarrenberger
1997). Another option is for the product of an
acquired gene to be repatriated back to the com-
partment of origin—the plastid. This category
is crucial in endosymbiosis because it permits
loss of the gene in the endosymbiont, because
this type of endosymbiotic gene transfer likely
circumvents the various hazards to genes in
plastids (see above) it would be selected for.
Furthermore, it grants hosts greater control of
their symbionts. It also serves to render the
symbiont nonautonomous, likely preventing
it from exiting the symbiosis and returning to
a free-living state. Selection should favor such
a lock-in mechanism if the partners have in-
creased fitness as a unit compared with solo
existences.

We now understand how nucleus-encoded
gene products, either from host genes or from
genes acquired by the host from its symbiont,
are targeted to plastids. The canonical route uses
an amino-terminal extension on the cargo pro-
tein that docks with a translocation apparatus
able to thread the protein through two linked
pores in the outer and inner membranes of two
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membrane plastids (Shi and Theg 2013). The
pores and their attendant proteins are known
as the Toc (translocation outer chloroplast)
and Tic (translocation inner chloroplast) com-
plexes (Shi and Theg 2013); core components
are preserved in all plastids and originate from
both the cyanobacterial endosymbiont and the
host (McFadden and van Dooren 2004; Kala-
non and McFadden 2008; Price et al. 2012). Re-
ceptors on the outer plastid membrane identify
the protein to be imported (usually by its amino
terminus), but how recognition occurs is not
known. The unfolded protein is then threaded
through a b barrel channel protein (Toc75),
which is descended from porins of the cyano-
bacterial endosymbiont (Schleiff et al. 2003a,b)
and subject to regulated degradation by the host
to control plastid protein import (Ling et al.
2012). Until recently it was less clear what roles
the different components of the Tic complex
had, but it is now apparent that Tic22 acts as a
chaperone to guide proteins, after they emerge
from Toc75, across the space between the inner
and outer membranes toward the channel in
the Tic complex (Glaser et al. 2012; Tripp et al.
2012). The inner membrane pore complex has
recently been isolated and shown to be a trimer-
ic assembly of Tic214 (formerly Ycf1), Tic100,
Tic56, and Tic20 (Kikuchi et al. 2013).

Plastids are passed down vertically through
the generations. It therefore follows that plas-
tids have to replicate before host cell division.
Indeed, getting this replication of the endosym-
bionts regulated was a critical element for
establishment of the partnership. If the endo-
symbionts replicate too quickly, they could take
over the host; too slow and the host might di-
vide without sufficient symbionts to deploy into
daughter cells. Fine-tuning the division rate and
mechanism was a vital innovation for perma-
nent endosymbiosis. With the notable excep-
tion of the nonphotosynthetic plastids of api-
complexan parasites (Francia et al. 2012), all
plastids appear to divide using a mechanism
inherited from their cyanobacterial predeces-
sors. A GTPase known as FtsZ (filament tem-
perature-sensitive mutant Z) assembles into a
ring (the Z-ring) at the plastid equator under
the guidance of proteins known as Min D & E

(minicell) and is tethered to the inner enve-
lope membrane via ARC6 (accumulation and
replication of chloroplasts) (Basak and Møller
2012; Terbush et al. 2013). Assembly of the Z-
ring results in recruitment of additional divi-
sion components to the mid-plastid, including
PARC6, PDV1 (plastid division), and PDV2,
and the contractile ARC5/DRP5B (dynamin-
related protein) and PD (plastid division) rings
on the cytosolic/host side of the outer plastid
membrane (Basak and Møller 2012; Terbush
et al. 2013). Finally, FtsZ, ARC5/DRP5B, and
the PD rings constrict the inner and outer
envelope membranes dividing the plastid into
two equal halves. In plants, a protein known as
CLMP1 (clumped chloroplasts) has a postdivi-
sion role in separation of plastids into daughter
cells (Yang et al. 2011). It has also emerged that
very-long-chain fatty acids, which have an acyl
chain length of more than 20 carbons, have a
role in correct positioning of the Z-ring, per-
haps by influencing the distribution of mem-
brane components of the ring (Nobusawa and
Umeda 2012).

Most of the known plastid division ma-
chinery clearly originates from homologous
binary fission machinery in cyanobacteria, but
some parts (ACR6, PARC6, PDV1 and 2, and
DRP5B) are apparently of eukaryotic origin
and thus represent the host exerting control of
endosymbiont division by the addition of new
components to the process (Basak and Møller
2012).

CONCLUSION

Approximately 2 billion years after cyanobacte-
ria-like organisms had invented photosynthesis,
they entered into an endosymbiotic partnership
with a eukaryotic host and evolved into plas-
tids creating an autotrophic line of nucleus-
containing cells that were powered by light.
The host and symbiont are now intimately in-
tegrated, morphologically, genetically, and met-
abolically. Nevertheless, the endosymbionts re-
main partially autonomous, still encoding and
expressing a small residue of genes that act in
concert with a wide range of components—
some transferred to the host by endosymbiotic
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gene transfer, plus many invented by the host—
that enhance the partnership to power an ex-
traordinary amalgam, the descendants of which
underpin life on earth.
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