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of Photosynthetic Eukaryotes and Their Plastids
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Abstract

Plastids are the organelles derived from a cyanobacterium through endosymbiosis. Unlike mitochon-
dria, plastids are not found in all eukaryotes, but their evolution has an added layer of complexity since
plastids have moved between eukaryotic lineages by secondary and tertiary endosymbiotic events. This
complex history, together with the genetic integration between plastids and their host, has led to many
opportunities for gene flow between phylogenetically distinct lineages. Some intracellular transfers do
not lead to a protein functioning in a new environment, but many others do and the protein makeup of
many plastids appears to have been influenced by exogenous sources as well. Here, different evolutionary
sources and cellular destinations of gene flow that has affected the plastid lineage are reviewed. Most hor-
izontal gene transfer (HGT) affecting the modern plastid has taken place via the host nucleus, in the form
of genes for plastid-targeted proteins. The impact of this varies greatly from lineage to lineage, but in
some cases such transfers can be as high as one fifth of analyzed genes. More rarely, genes have also been
transferred to the plastid genome itself, and plastid genes have also been transferred to other non-plant,
non-algal lineages. Overall, the proteome of many plastids has emerged as a mosaic of proteins from many
sources, some from within the same cell (e.g., cytosolic genes or genes left over from the replacement
of an earlier plastid), some from the plastid of other algal lineages, and some from completely unrelated
sources.

Key words: Endosymbiotic gene transfer, endosymbiotic gene replacement, plastid-targeting,
endosymbiosis.

1. Introduction

Mitochondria and plastids arose by the endosymbiotic uptake
and retention of an alpha-proteobacterium and a cyanobacterium,
respectively (1). These endosymbionts were reduced in complex-
ity and substantially integrated with their host, primarily though
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the transfer of genes to the host genome and the targeting of
proteins back to the endosymbiont. The processes of reduction
and integration were seemingly fairly similar since the resulting
two organelles now share a number of characteristics in common
(2), but the subsequent evolution of the two differed in several
interesting ways. Mitochondria arose through a single endosym-
biosis and the organelle or some derivative of it has been identified
in virtually all eukaryotes (the few cases where it is not yet known
for certain are most likely due to lack of evidence rather than
absence), so it is now thought to have originated in the com-
mon ancestor of all known extant eukaryotes (Fig. 29.1), (3).
The evolution of plastids differed in two interesting ways. Like
mitochondria, plastids also arose through a single endosymbio-
sis; there was some debate about the common origin of canon-
ical plastids, and there are other cyanobacterial endosymbionts
with very narrow taxonomic distribution, which may be suffi-
ciently integrated to consider them plastids (4–8), but for the
purposes of this discussion these exceptions will not be considered
further. However, unlike mitochondria, this endosymbiosis took
place well after the origin and diversification of extant eukaryotes
so that the lineage containing the endosymbiont consists only of
three groups of algae, glaucophytes, red algae, green algae, and
land plants (9). Moreover, after the establishment of the plastid in
these lineages, the organelle spread to other eukaryotes by further
rounds of endosymbiosis. In “secondary” endosymbiosis, either
a red or green alga was itself taken up and integrated into a new
host and once again converted into an organelle (Fig. 29.1) (10).
Secondary endosymbiosis is known to have involved both green
and red algae, so it must have taken place at least twice. Two
lineages contain green secondary plastids, euglenids, and chlo-
rarachniophytes, and both plastid and nuclear gene phylogenies
support the conclusion that they acquired their plastids indepen-
dently (11). Red algal secondary plastids are known from cryp-
tomonads, haptophytes, heterokonts, dinoflagellates, and api-
complexa. Despite this wider variety of groups and much debate
(e.g. (12–15)), the current consensus is that these plastids origi-
nated from a single endosymbiosis event in the ancestor of these
lineages, the so-called chromalveolates (16). In addition to sec-
ondary endosymbiosis, additional events of endosymbiosis have
taken place in dinoflagellate algae (Fig. 29.1). Here, the ancestral
secondary red algal plastid has been lost or reduced several times
and in a few lineages a new plastid has been acquired (10, 17).
When the new plastid is acquired from a secondary alga, they are
referred to as tertiary plastids (these include plastids derived from
cryptomonads, haptophytes and heterokonts); and when they are
derived from a primary alga, they are called serial secondary plas-
tids (this includes a single case where a green algal plastid has been
taken up (18)). Of course, plastid gain is a long-term process, so
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Fig. 29.1. Hypothetical tree of eukaryotes showing relationship of major lineages, including those discussed in text, and
the many endosymbiotic events that explain modern plastid diversity. Many eukaryotic lineages (mostly protistan) are
clustered into five major lineages, or supergroups, which are shaded and named to the right. Unknown relationships
are indicated by polytomes, and supergroups of still contentious monophyly are indicated by the dashed lines at their
base. Primary endosymbiosis (origin of mitochondria and primary plastids) is indicated by a thick, solid arrow. Secondary
endosymbioses involving red or green algae are indicated by slightly thinner, dashed arrows. Tertiary endosymbioses in
dinoflagellates are indicated by thin, solid arrows. Figure redrawn from (64).

there are many intermediates in the spectrum between symbiont
and organelle. There are also many lineages for which there is
no evidence for a plastid, but which phylogenetically might be
predicted to have once contained one. These may have lost the
organelle or only lost photosynthesis, resulting in a cryptic plas-
tid that has not yet been detected; in most cases the distinction
cannot be made.

The evolution of photosynthetic lineages may therefore
involve layers upon layers of endosymbiosis, making them genet-
ically complex cells. The diatom plastid-containing dinoflagellate
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Kryptoperidinium foliaceum is an excellent example (19–21): it
currently consists of five and perhaps six genome-containing com-
partments (two nuclei, two mitochondria, and one or perhaps two
plastids), and historically is composed of no less than ten indi-
vidual genetic entities (ignoring reticulations in the tree). Each
of these events likely precipitated massive movements of DNA
between the integrating partners as is known to have happened
in the primary and secondary endosymbioses, and likely provided
ample opportunity for genetic exchanges among the other com-
ponent genomes as well. Overall, we now have a fairly clear pic-
ture of the evolutionary history of plastids (10, 17), but the evo-
lutionary histories of individual genes related to either the plas-
tid or the endosymbiont are far more uncertain. Nevertheless,
molecular data from a variety of algae are now abundant and this,
together with our understanding of the history of plastid acquisi-
tion, combines to give us not only a set of specific expectations for
the phylogenetic history of plastid derived genes but also a decent
body of data to seek exceptions to those expectations.

2. Gene Transfer
Related to the
Establishment
of Plastids When a cyanobacterium and the ancestor of plants and primary

algae integrated, a massive amount of gene transfer took place
from the endosymbiont to the host nucleus (1). Further, during
secondary or tertiary endosymbiotic events, large-scale transfers
from the endosymbiont algal nucleus to its new host nucleus also
took place. There are now many such genes known from sec-
ondary endosymbioses, and several studies of how the proteins
are targeted back to the organelle (22–27). In the case of tertiary
plastids there is comparatively little data, and the situation is more
complex because all known tertiary plastids are in dinoflagellates,
and therefore both the host and the endosymbiont had a plas-
tid or plastid-containing ancestry (see Section 3.2. for more dis-
cussion on this). While these transfers are well characterized and
certainly are important, they need to be distinguished from HGT
in general because the circumstances surrounding these transfers
are very different, as are their implications. Here, we will use the
terms Endosymbiotic Gene Transfer (EGT) and Endosymbiotic
Gene Replacement (EGR) to distinguish these special subsets of
transfers, as described below.

2.1. Endosymbiotic
Gene Transfer (EGT):
Transfer of Genes
Whose Products
Are Targeted Back
to the Organelle

The plastid genome encodes only a small fraction of the genes
needed for plastid function (2). Most plastid proteins are encoded
by host nuclear genes, and most of these were transferred from
the cyanobacterium to the host nucleus in the ancestor of primary
plastids (Fig. 29.2-A). The protein products of these genes
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are translated in the host cytoplasm and post-translationally tar-
geted back to the organelle using a specific import pathway
(Fig. 29.2-1), (28). In secondary plastids, these genes were trans-
ferred yet again, in this case from the nucleus of the primary
alga to the nucleus of the secondary one, and in tertiary plas-
tids the same set of events occurred once more. Regardless of
the number of times these genes are transferred, however, the
environment in which their protein product functions remains
unchanged, so while these transfers might affect the evolution of
the gene (e.g. by moving to a compartment with different muta-
tion rates), they do not so much generate novel functions or com-
binations of functions, but rather are a new way to organize infor-
mation. They should therefore be distinguished from HGTs that
yield novel combinations of proteins. These Endosymbiotic Gene
Transfers (EGT) are undisputedly an important process, but will
not be discussed further here.

2.2. Endosymbiotic
Gene Replacement
(EGR): Transfer
of Genes Whose
Products
Are Not Targeted
Back to the Organelle

In addition to the transfer of hundreds of genes for proteins des-
tined to be targeted back to the plastid, it is now hypothesized
that many other cyanobacterial genes made their way into the
host genome whose products do not function in the plastid today
(Fig. 29.2-2) (29). This process, referred to as Endosymbiotic
Gene Replacement (EGR), in one way could be seen as a subclass
of HGT because these genes have the potential to introduce new
functions and combinations of functions. However, in another
way they are like EGT because they come en masse from a sin-
gle source, as opposed to a slower trickle of new genes from a
wide variety of sources. In some cases transferred genes can be
subjected to both EGT and EGR, since differentially expressed
proteins can function in either compartment (aminoacyl-tRNA
synthetases provide a great example as an entire class of proteins
where dual targeting is common: (30)). However, the full poten-
tial impact of EGR had not been obvious until recent analyses of
plants concluded that the contribution of the cyanobacterium to
the plant lineage was substantial (31). Several examples of EGR
between two eukaryotes also seem to have occurred in the sec-
ondary endosymbiosis (32). Interestingly, however, a large-scale
analysis of another primary plastid-containing lineage, the glau-
cophytes, did not reach the same conclusion (33). Here, many
genes of cyanobacterial origin were found, but the protein prod-
ucts of most were concluded to be plastid-targeted. Whether the
original estimates of EGR were too high, or alternatively why
two systems seem to differ when they are products of the same
endosymbiosis remains to be seen, and a detailed analysis of many
of the cyanobacterial genes thought to encode cytosolic proteins
also remains to be performed.
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2.3. The Contribution
of Chlamydial Genes
to the Origin of
Plastids

While the plastid may be derived from a cyanobacterium, recent
large-scale analyses of plastid-targeted proteins have suggested
that there is also an unexpected contribution from Chlamydi-
ales. Chlamydiales are a group of pathogenic bacteria that have no
known relationship to photosynthesis or plastids. Nevertheless, an
unusual number of plastid-targeted proteins have been shown to
share a closer relationship to chamydial homologs than they do
to cyanobacterial homologs (34–36). This was first described in
plants, and was originally interpreted as either HGT or as a pos-
sible link between the plant host lineage and Chlamydiales (34).

Fig. 29.2. Schematic of a primary algal cell showing some of the main types of HGT and re-targeting events known
to have affected the protein makeup of the plastid and host. Gene transfers are indicated by solid lines labeled with
letters, whereas protein-targeting is indicated by dashed lines labeled with numbers. (A) is plastid to nucleus EGT,
which is widespread and common. Many protein products of these genes are targeted back to the plastid (1), and so the
environment of the protein is unchanged. Others (2) may take up a function in the cytoplasm, and there is some indication
that this might be common in some lineages as well. In contrast to this, the protein products of a few ancestrally nuclear
genes were found to be targeted to the plastid (3), suggesting this process can work in both directions. (B) is gene
transfer from an exogenous source to the nucleus. This has been well documented for numerous proteins in several algal
lineages. The majority of such transfers are expected to result in cytosolic proteins (not shown), but many of the cases
that are best described are proteins that are subsequently targeted to the plastid (4). Lastly, (C) is gene transfer from
an exogenous source directly to the plastid genome. Such events have been documented, but are relatively rare. Not
shown are the mitochondria, which could participate in the same kinds of events, or the added complexity of secondary
or tertiary endosymbiosis, where genes can move from one eukaryote or its plastid to the other.
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However, some of the same proteins are also found in a range
of algae, and in at least some cases the genes encode plastid-
targeted proteins. This was suggested to reflect a close relation-
ship between Chlamydiales and cyanobacteria (37) rather than
HGT;, however, this cannot explain many of the genes, where
plant and algal homologs are robustly related to Chlamydiales
to the exclusion of cyanobacteria (38, 39). Most recently, these
genes have been suggested to be relicts of a chlamydial presence
in the host lineage that undertook the original primary endosym-
biosis. It has been suggested that the presence of a chlamydial
parasite in this host might have actually facilitated the transition
of the cyanobacterium from a symbiont to an organelle, perhaps
by providing essential transporters that were unlikely to have been
present in a free-living cyanobacterium (35,39).

3. HGT of Genes
for Plastid-
Targeted
Proteins The establishment of the plastid-targeting system and the appar-

ent ease of acquiring targeting peptides (inferred from the facts
that transit peptide sequences are not highly conserved, and more
importantly that they have been acquired in their thousands,
repeatedly by several lineages) meant that HGT to either the plas-
tid genome itself or to the nuclear genome could affect the plas-
tid proteome. Here some cases will be reviewed where HGT to
the nucleus or plastid, or EGT between nuclei have impacted the
plastid proteome.

3.1. HGT of Plastid
Targeted Proteins in
Several Algal Systems

Plastid-targeted proteins make an attractive class of proteins for
detecting HGT in algae because they are relatively well sampled,
and there is also a clear phylogenetic expectation that they are
related to cyanobacteria-derived homologs present in green or
red algal nuclear genomes. In contrast, host nuclear genes from
many algal lineages are poorly sampled across eukaryotic diversity,
and the closest relative of the host is often either not well known
or even more poorly sampled (10, 17). It is probably for these
reasons, and not some intrinsic tendency of genes for plastid-
targeted proteins to be transferred, that many of the first cases
of HGT in algae came from genes for plastid-targeted proteins
(Fig. 29.2B). Two groups where this is especially well examined
are the chlorarachniophytes and the dinoflagellates. Chlorarach-
niophytes have a green algal plastid, and an analysis of expressed
sequence tags (ESTs) from the model species Bigelowiella natans
revealed that almost 20% of the genes for recognized plastid-
targeted proteins were derived by HGT (22). The majority of
these were derived from other algae, several from red algae or
lineages with red algal plastids, but others were derived from
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streptophyte green algae (some might be derived from chloro-
phyte green algae too, but these cannot be detected since the B.
natans plastid is itself derived from a chlorophyte). A small frac-
tion of these genes (glyceraldehyde-3-phosphate dehydrogenase
and ribulose-5-phosphate-3-epimerase) were not related to the
plastid lineage at all, but rather to other bacterial lineages. Inter-
estingly, a closely related, plastid-targeted ribulose-5-phosphate-
3-epimerase has recently been found in distantly related algae
with red secondary plastids (40), indicating a more complex his-
tory of this transfer. The chlorarachniophytes are myxotrophic,
and so it was suggested they acquired genes from their food,
and the tendency for the proteins to originate from algae was
most likely due to the fact that many plastid proteins only exist in
phototrophs (22). Similar surveys in dinoflagellates also revealed
slightly fewer cases of HGT, again mostly genes derived from
other algae (23, 24, 32, 41). The dinoflagellate plastid is derived
from a red alga, so in this case the genes most clearly originating
from HGT came from green algae, with a few genes coming from
other sources.

Rather than analyzing all the plastid-targeted proteins from
a random sample (like ESTs), other analyses have focused on
the evolutionary history of all proteins in a certain pathway. For
example, the analysis of the heme biosynthetic pathway in red
algae and red algal–derived plastids shows some genes have the
expected phylogenetic origin, whereas others seem to be derived
from the host lineages, others still are proteobacterial and inferred
to be derived from the mitochondrion (42). Indeed, in apicom-
plexan parasites this process seems to have gone one step further,
as the reactions themselves are distributed among various cellular
compartments (43). Similarly, the shikimate pathway for aromatic
amino acid biosynthesis is composed of plastid-targeted proteins
that are derived not only from cyanobacteria, but also at least
two other bacterial lineages, so that the majority of the pathway
appears to be proteins derived from HGT (44).

Many other individual cases of plastid-targeted proteins being
involved in HGT have been described, but only a few will be
reviewed here. In the dinoflagellates one interesting example
involves a gene fusion where the context of the source gene
can be inferred. Here, the dinoflagellates and their sister lineages
Oxyrrhis marina acquired an AroB gene that is closely related to
an AroB paralog found only in a subgroup of cyanobacteria and
not normally in plastids (45). Immediately downstream of this
gene in the cyanobacterial genomes is an O-methyl transferase of
unknown function, and in dinoflagellates this gene has been fused
to the 3′ end of AroB. The O. marina fusion protein is cytosolic,
but in several other dinoflagellates the protein encodes a plastid-
targeting leader. Interestingly, the AroB and O-methyl transferase
moieties have been split up again in one species, and here the
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O-methyl transferase has acquired its own plastid-targeting leader,
suggesting it acquired some function in the plastid while attached
to AroB.

Another interesting example is GAPDH, where the plastid-
targeted protein in most dinoflagellates is only distantly related to
that of cyanobacteria and other plastids, and instead appears to
be derived from a duplication of the cytosolic GAPDH (46, 47).
In the dinoflagellate genera Pyrocystis and Akashiwo, however,
a second, apparently plastid-targeted GAPDH has been found.
This protein is of the cyanobacterial type, but they are specifi-
cally related to plastid-targeted homologues from euglenid algae,
which have green algal plastids as opposed to the red algal plas-
tids of dinoflagellates (48, 49). This is even more intriguing since
another GAPDH has also been found in another subgroup of
dinoflagellates that is related to a different class of euglenid
GAPDH again, suggesting a complex history of transfers between
these two distantly related algal groups (48).

An apparently more ancient transfer has been described for
the plastid-targeted fructose-bisphosphate aldolase of chromalve-
olates, perhaps originally incorporated into the cell as a cytosolic
enzyme, and becoming plastid-targeted after a gene duplication
event (50). This case is noteworthy because, along with a similar
event involving GAPDH (47, 51), it lends support to the single
origin of the plastid in these lineages.

Overall, the impact of HGT on plastid proteins in algae is
significant in some groups, but uneven. On one hand, some
genes appear to be more prone to transfer than others, for
example, GAPDH, where plastid-targeted proteins have arisen
by HGT in at least some dinoflagellates and the chlorarachnio-
phytes (10,48,49), or glucose-6-phosphate isomerase (52) where
a variety of transfer events appear possible. One the other hand,
many of the cases described here affect the same or overlapping
groups of algae (in particular chlorarachniophytes and dinoflagel-
lates), whereas other groups show little or no evidence of HGT
affecting plastid proteins. The same set of proteins analyzed in the
chlorarachniophyte B. natans was also analyzed in the green alga
Chlamydomonas reinhardtii and, in contrast to B. natans, none
showed any evidence for transfer in C. reinhardtii (10). In addi-
tion, most of these cases are apparently relatively recent and only
affect one subgroup or perhaps a few species of the algae in ques-
tion (one exception being plastid-targeted fructose-bisphosphate-
aldolase).

3.2. Plastid-Plastid
EGT in Algae with
Redundant Plastids

As described in Section 2, the origin of tertiary plastids involves
the movement of a great many genes from the nucleus of a sec-
ondary alga to the nucleus of its new host. This process is not
unlike the origin of secondary plastids, but one very major differ-
ence is that all known tertiary plastids are found in dinoflagellates,
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which means both the host and the incoming secondary alga have
(or had) a plastid of distinct evolutionary origin. In most cases no
data for plastid-targeted proteins are available from these complex
systems, but EST surveys have been carried out in two related
genera with haptophyte-derived plastids, Karlodinium micrum
and Karenia brevis (25, 53). Since these organisms only contain
the haptophyte-derived plastid, the null expectation would be
that all or nearly all their plastid-targeted proteins should also be
derived from the haptophyte, but their presence in the dinoflag-
ellate nucleus raises the intriguing possibility that the original
dinoflagellate plastid may have contributed proteins too. Indeed,
the K. micrum survey revealed that about one-third of all phy-
logenetically analyzable plastid-targeted proteins were leftovers
from the dinoflagellate plastid, and were re-targeted to the new
haptophyte plastid, suggesting the proteome of this organelle
is substantially chimeric (25). Analysis of K. brevis ESTs also
revealed this, and showed that proteins from other sources were
also present, as with other dinoflagellates (53). Interestingly, the
targeting peptides in these organisms are different from those of
either dinoflagellates or haptophytes (25), and it is possible that
this played a role in the mixing of these proteomes. As the tar-
geting system shifted emphasis from the characteristics common
to the ancestral haptophyte plastid, a dinoflagellate-derived pro-
tein might have been as likely to co-evolve with the import system
as were the haptophyte-derived proteins. It is therefore plausible
that being well adapted to the environment (which would pre-
sumably favor haptophyte proteins) was not the only or even the
main determinant of which protein was retained in the new plas-
tid (25). Whatever the case may be, these are special cases of EGR
where new combinations of plastid proteins were the outcome.

3.3. HGT of Plastid
Proteins to
Prokaryotes

While the subject of this review is the impact of HGT on plastids
and their hosts, it is worthwhile to discuss whether plastids have
also been the donor in HGT events. Of course, many of the events
described in the preceding sections involve plastid-derived genes
moving between plastid lineages (e.g., plastid-targeted proteins
moving between algal groups), and plastid-derived proteins tak-
ing up a function in the cytosol would have the same overall effect
as an HGT event, but what about plastid genes moving to lineages
and new environments? Direct transfer of plastid DNA between
plants has been documented, but it has not been shown that the
genes moved to the plastid genome of the recipient, or that they
are expressed (54). It has been demonstrated that plastid DNA
could be incorporated into the genome of the naturally compe-
tent soil bacterium Acinetobacter under experimental conditions
(55), but whether such transfers have occurred in nature is uncer-
tain. The presence of Chlamydia-like genes in plants and algae,
which led to the idea that a Chlamydia-like symbiont participated
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in the origin of plastids (Section 2.3) could also, in theory, be
due to the transfer of plastid-derived genes to Chlamydia. This
has been suggested in the case of fabI (38), but in no case is the
relationship of these genes to cyanobacteria so clear as to distin-
guish this possibility from a Chlamydia-to-plastid transfer (39).
One case involving an apparently functional gene transfer that is
interesting for several reasons is the transfer of plastid-targeted
FBA from red algae to the cyanobacteria Prochlorococcus and Syne-
chococcus (56). This is partly interesting because the recipient of
the plastid gene is a cyanobacterium, which is ironic, but also
because the gene has inserted beside the ancestral cyanobacterial
FBA in the genome and its distribution within the genera where
it is found is highly irregular, altogether suggesting a very com-
plex history. This case is further complicated by the fact that the
plastid gene in question is not actually ancestrally cyanobacterial
either. Early in the evolution of the primary plastid lineage the
host, cytosolic FBA duplicated and replaced the plastid-targeted
analog (they are different and non-homologous classes of FBA) in
the common ancestor of red and green algae (57). Accordingly,
the gene transferred to the cyanobacterium was not originally for
a plastid-targeted protein.

4. HGT to Plastid
Genomes

4.1. Direct Transfer
of Genes Between
Plastid Genomes

So far only nucleus-encoded genes, presumed to be cyanobac-
terial and presumed to be plastid targeted, have been discussed
in any detail, but the plastid also has its own genome. How-
ever, HGT involving the plastid genome directly appears to be
comparatively rare (Fig. 29.2C), in contrast to what has been
found in plant mitochondria (58). Many plastid genomes appar-
ently encode unique proteins with no detectable similarity to any
other protein, but the majority of these are likely not derived
from HGT. One case that does appear to be transferred involves
a mobile element found in the plastid-encoded psbA of Euglena
myxocylindracea and a psychrophilic Chlamydomonas (59, 60). In
both species, phylogenetic analysis of a mobile group II intron
showed it to be comparatively distant to group II introns in other
plastid genomes, and instead closely related to group II introns
from cyanobacteria (59). The discovery of this intron in the pri-
mary green plastid of a Chlamydomonas and the secondary green
plastid of a Euglena may be taken to suggest its origin in plastids
is ancient, but the intron is absent in close relatives of both, and
indeed in many other plastid lineages, and homing introns should
be relatively likely to move. Two other cases of transfer into the
plastid genome stand out as well, rpl36 and dnaX (61,62). There
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are two distinct and distantly related paralogs of rpl36 in bacteria,
and plastid genomes typically contain only one of these, embed-
ded within a conserved operon of ribosomal proteins. In the cryp-
tomonads and haptophytes, however, the same operon contains
an rpl36 at the same position, but unusually it is a member of
the other paralogous family (61). This is significant for a number
of reasons, first it is interesting that the incoming paralogue was
inserted at the same position as the ancestral rpl36, and second it
is a strong evidence for a relationship between the plastids of hap-
tophytes and cryptomonads, which has since been supported by
nuclear gene phylogenies (13,14). DnaX is a component of DNA
polymerase responsible for repair. Neither DnaX nor any other
DNA polymerase subunit has been found in a plastid genome
previously, with the exception of several closely related species
of the cryptomonad Rhodomonas (62). Significantly, other cryp-
tomonad plastid genomes lack the enzyme and it is not phyloge-
netically related to cyanobacteria, indicating it originated recently
by HGT from some unidentified bacterial lineage.

5. Conclusion/
Outlook

The plastid proteome is much more complex than simply a resid-
ual collection of cyanobacterial proteins, and its relationship to
the host is also more complicated than originally envisioned. The
close connection between the two lineages has provided them
with ample opportunity for proteins to move into a new envi-
ronment, and this has happened many times. Similarly, genes for
plastid-targeted proteins have moved between algal lineages many
times, some genes showing a propensity to do this. The plastid
genome seems resistant to HGT, so most of the changes to its
proteome have occurred via the host nucleus, but even plastid
genomes have been invaded by new genes on a few occasions.
Overall, the plastid proteome is doubtlessly a variable mosaic of
proteins from several sources, although the degree to which this
is the case is still unclear. Genome-wide surveys in recent years
have radically changed our view of the plastid proteome, so per-
haps the biggest change we can expect in the years to come will
emerge from analyzing plastid proteomics with an eye for invasion
of foreign genes (63). Such data will reveal which proteins are
actually located in the organelle, something we infer with vary-
ing degrees of confidence now but do not really know in most
cases. Without a more reliable catalog of plastid proteins, it is dif-
ficult to conclude what actually was the contribution of the host
to the plastid proteome and to be certain of the plastid location
of non-cyanobacterial genes derived from HGT.
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