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Abstract

The origin of plastids is best explained by endosymbiotic theory, which dates back to the early 1900s. Three lines of
evidence based on protein import machineries and molecular phylogenies of eukaryote (host) and cyanobacterial (endo-
symbiont) genes point to a single origin of primary plastids, a unique and important event that successfully transferred two
photosystems and oxygenic photosynthesis from prokaryotes to eukaryotes. The nature of the cyanobacterial lineage from
which plastids originated has been a topic of investigation. Recent studies have focused on the branching position of the
plastid lineage in the phylogeny based on cyanobacterial core genes, that is, genes shared by all cyanobacteria and plastids.
These studies have delivered conflicting results, however. In addition, the core genes represent only a very small portion
of cyanobacterial genomes and may not be a good proxy for the rest of the ancestral plastid genome. Information in plant
nuclear genomes, where most genes that entered the eukaryotic lineage through acquisition from the plastid ancestor reside,
suggests that heterocyst-forming cyanobacteria in Stanier’s sections IV and V are most similar to the plastid ancestor in
terms of gene complement and sequence conservation, which is in agreement with models suggesting an important role
of nitrogen fixation in symbioses involving cyanobacteria. Plastid origin is an ancient event that involved a prokaryotic
symbiont and a eukaryotic host, organisms with different histories and genome evolutionary processes. The different modes

of genome evolution in prokaryotes and eukaryotes bear upon our interpretations of plastid phylogeny.
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Plastid origin: 110 years since Mereschkowsky

Plastids are eukaryotic metabolic compartments re-
sponsible for photosynthesis [1] and a variety of metabolic
functions including the biosynthesis of amino acids [2],
nucleotides [3], lipids [4], and cofactors [5]. The importance
of plastids to photosynthetic lineages of eukaryotes cannot
be overstated. In 1905, Mereschkowsky proposed a fully
articulated version of endosymbiotic theory positing that
plastids originated from cyanobacteria that came to reside
as symbionts in eukaryotic cells [6,7]. The theory did not
make its way into mainstream biological thinking until it was
revived in a synthesis by Margulis [8,9] that also incorpo-
rated Wallin’s [10] - and Paul Portier’s (published in French,
cited in Sapp [11]) - ideas about endosymbiotic theory for
mitochondrial origin, yet adorned by Margulis’ own sugges-
tion of a spirochaete origin of flagella. The spirochaete story
never took hold, leaving endosymbiotic theory with three
main players: the plastid, the mitochondrion, and its host,
which is now understood to be an archaeon [12]. Well into
the 1970s, resistance to the concept of endosymbiosis for
the origin of plastids (and mitochondria) was stiff [13-15].
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With the availability of protein and DNA sequences, of which
Mereschkowsky knew nothing, strong evidence had accu-
mulated by the early 1980s that plastids originated through
endosymbiosis from cyanobacteria, rather than autogenously
[16]. However, there have been recurrent suggestions, start-
ing with Mereschkowsky [6] and tracing into the 1970’s [17],
that there were several independent origins of plastids from
cyanobacteria. Today it is widely, but not universally [18,19],
accepted that plastids had a single origin. The strongest
evidence for that view is that the protein import machinery;,
a good marker for endosymbiotic events [20], in the three
lineages of Archaeplastida - eukaryotes with primary plastids
[21] - consists of homologous host-originated components
[22-24], which would not be the case had plastids in those
lineages arisen from independent cyanobacterial symbioses.

Genomics has enriched our understanding of plastid
origin. We now know that the plastid genome has undergone
extreme reduction while leaving its imprints in the nuclear
genome through endosymbiotic gene transfer [25,26] and
that plastids have spread across eukaryotes through symbiosis
and become secondary and tertiary plastids [27]. Genomic
data also supports the case for a single plastid origin. Despite
some concerns about incomplete sampling and phylogenetic
artifacts [18], recent analyses from different groups, incor-
porating improved phylogenetic algorithms and sampling of
cyanobacteria, provide two lines of evidence, in addition to
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the protein import machinery, for a monophyletic origin of
plastids involving a single host lineage and a single cyano-
bacterial lineage. (i) All plastids are monophyletic and nested
within the cyanobacterial clade [28-34]. (ii) Eukaryotes with
primary plastids are monophyletic based on both nuclear
[29,35] and mitochondrial [36] genomes.

However, much is still left unknown about the origin of
plastids. What is the cyanobacterial lineage most closely
related to plastids? What was the ancestor of plastids like
as it entered into the symbiotic relationship? What might
be the reasons that triggered this far-reaching event? Here
we consider these aspects and recent advances on issues
concerning the when, who and why of plastid origin.

When: early or late branching for the
plastid lineage within cyanobacteria?

Cyanobacteria are traditionally classified into five sections
according to their morphological and developmental patterns
[37]. Section I are unicellular cocci, section II are cocci that
aggregate, section III are filamentous, section IV are filamen-
tous with heterocysts, and section V are filamentous with
true branching and heterocysts. That taxonomy does not,
however, correspond to molecular phylogenetic groupings in
any phylogeny reported so far. Although different molecular
phylogenies are often themselves mutually inconsistent,
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some general trends regarding the relationships of extant
cyanobacteria have emerged from studies based on rDNA
or multiple protein-coding genes [30,32-34,38-43], which
are summarized as the backbone tree shown in Fig. 1. There
is little dispute that the thylakoid-lacking genus Gloeobacter
(with which Aphanothece is possibly synonymous [40,44])
is the most basal lineage within cyanobacteria, whose clos-
est relatives discovered so far are the nonphotosynthetic
melainabacteria [43]. The other cyanobacteria can be fur-
ther divided into a basal clade of Synechococcus strains
(e.g., JA-2-3B), a clade of Synechococcus sp. PCC 7502 and
Pseudanabaena strains (e.g., PCC 7367), and a core clade
consisting of the other taxa (Fig. 1). The core cyanobacteria
contain the majority of the described species and strains and
can be further divided into three groups: a clade of section
I taxa (e.g., Thermosynechococcus; this clade’s basal position
is not recovered in some analyses [31,38,39,41,43]), a clade
of mixed section III and I taxa (including the fast-evolving
SynPro clade of Synechococcus and Prochlorococcus) and
finally a clade where all sections are represented, including
heterocyst-forming and true-branching taxa.

If we take the last common ancestor of the core cyano-
bacteria as a reference point, much of the recent debate on
the closest extant cyanobacterial neighbor of the plastids is
about “early” (point “a” in Fig. 1 [30-33]) versus “late” (points
“b-e” in Fig. 1 [29,34,38,39,45,46]) plastid branching. Here
instead of “early origin” [47] or “deep origin” [30], the term
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Fig.1 Possible branching points of the plastid lineage in a consensus cyanobacterial tree based on molecular phylogenetic studies
[29-34,38-40,42,43], showing section distribution [37] and groupings in different references. Dotted lines indicate a branching pattern
not recovered in some references [31,38,39,41-43]. Branching points: a [30-33]; b [29]; ¢ [34]; d [45] (or within group B2) and [38];
e [39,46] (or within group B1). Numbers in brackets indicate reference numbers for sections and groupings.
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“early vs. late branching” is used, because the point where
the plastid lineage (the lineage that leads to plastids and
does not include other sampled cyanobacteria) branches off
the tree might not correspond temporally to the origin of
plastids, as the endosymbiosis event itself could have taken
place much later than the branching point. Importantly,
and as always, discussions of “early” or “late” branching are
contingent upon the taxon sample underpinning the tree.

Is there any way to correlate plastid origin to geologi-
cal time? If a universal molecular clock existed for the
cyanobacterial tree, the depth of the branching point could
be estimated from sequence divergence. But plastids ap-
parently have a much higher substitution rate than free-
living cyanobacteria, among which some taxa such as the
group C1 (Fig. 1) also have a higher rate than others. Fossil
records indicate that eukaryotes originated no earlier than
1800 million years ago (mya) [48] and complex red algae
already existed 1200 mya [49]. These two benchmarks set
the upper and lower bounds for the origin of Archaeplastida
and plastids, which, according to fossil-calibrated trees that
take those benchmarks into account (and is thus not inde-
pendent of them), is estimated to have taken place around
1500-1600 mya [50,51]. These estimates, however, do not
by themselves directly discriminate early- or late-branching
scenarios because the branching position of the lineage and
the event of plastid origin are two different things.

If the estimated time of the plastid origin is so ancient
that it predates the diversification of major cyanobacterial
lineages in the core clade (Fig. 1), then a late branching from
within the core clade can be ruled out. However, molecular
clock estimates suggest the last common ancestor of the core
clade existed around 2500-3000 mya [38,41,42]. This makes
both the early- and late-branching hypotheses possible. If
the former is correct, it would mean that plastids originated
from a relatively basal lineage about 1 billion years after the
lineage branched off from the main stem of the cyanobacte-
rial tree. If a late-branching hypothesis (points “c”, “d” or “¢”
in Fig. 1) is correct, this would set the branching time to the
range 2.3-1.6 billion years ago [38,41,42], much closer in
time to the minimum date of plastid origin (1.2 billion years
ago) set by Bangiomorpha [49,51].

One possible explanation for the hitherto unsettled
dispute is that the topologies of trees including genes from
plastids (or plastid-derived nuclear genes) and free-living
cyanobacteria are highly sensitive to the differences between
evolutionary models used in the phylogenetic analyses. In
one recently published study, for example, when the model
is changed from LG+16I to LG+d+CAT, the sister group
of plastids changes from the core cyanobacterial clade to
the B2 (Fig. 1) clade (supplementary Fig. 3A and 3C in
Ochoa de Alda et al. [34]). Additionally, plastid genes and
plastid-derived nuclear genes have higher substitution
rates than cyanobacterial homologs and this can cause the
plastid lineage to branch off at a more basal position [39].
Nucleotide compositional biases of protein-coding genes
were also suggested to be misleading in tree reconstruction
[33]. These factors and the intrinsic uncertainty associated
with deep phylogenetics, especially for prokaryotes, where
only some “core” genes can be used for analyses, will likely
continue to plague the plastid evolution issue. Indeed, even

the earliest studies on large datasets of concatenated plastid
proteins revealed that fully resolved, but conflicting trees are
obtained [52,53], such that the choice of models determines
the result. However, core gene phylogenetics need not be the
only way to investigate early plastid evolution.

Plastid orig'in and the origin of
oxygenic photosynthesis

A topic usually circumvented in the origin of plastids issue
is the origin of cyanobacteria themselves and the advent of
oxygenic photosynthesis. Oxygenic photosynthesis using two
photosystems in series only occurs among the cyanobacteria
(including plastids). Other phototrophic prokaryotes use only
one photosystem (PS), either a homolog of PSII, as in alpha-
and gammaproteobacteria and chloroflexi, or a homolog of
PSI, as in chlorobia, acidobacteria, and firmicutes (heliobac-
teria), to carry out anaerobic photosynthesis. Several lines
of evidence strongly implicate lateral gene transfer (LGT)
in photosystem evolution: (i) the photosystems have a very
patchy and restricted distribution across distant prokaryotic
phyla, (ii) the photosystems are found in combination with
three unrelated CO,-fixing pathways (the Calvin cycle,
the reverse citric acid cycle and the 3-hydroxypropionate
pathway), and (iii) the complete machinery for photosystem
biogenesis, including chlorophyll biosynthesis, is found on
large mobile plasmids in proteobacteria [54]. The main
question regarding the origin of oxygenic photosynthesis
was whether the two photosystems, which clearly share a
common ancestor [55,56], arose within the same genome
and were exported as single PSs to other lineages [57] or
whether the photosystems had long independent evolution-
ary histories in bacterial lineages and were merged via LGT
in the cyanobacterial ancestor (reviewed in [58]).

These alternatives can be discriminated by studying chlo-
rophyll biosynthesis evolution [59], because the two distinct
photosystem types corresponding to reaction center I (RCI)
in PSI and reaction center IT (RCII) in PSII are clearly related
and RC evolution cannot proceed without chlorophyll.
Thus, if the divergence of the two RC types reflects lineage
divergence [60,61], then chlorophyll biosynthetic pathways
supporting RCI- and RCII-based bacterial photosynthesis
should reflect a deep dichotomy similar to that observed
between the RCs themselves. Conversely, if the two RC types
evolved via gene duplication within the same prokaryote [57]
— a protocyanobacterium - and were subsequently exported
to other lineages, then there should be no deep dichotomy
among chlorophyll biosynthetic pathways. Investigation of
chlorophyll biosynthesis evolution provided evidence in favor
of Allen’s protocyanobacterial hypothesis [59], which posits
that the first organism that possessed two photosystems was
an anaerobe that first used them alternatively, growing either
like Chlorobium in the presence of sulfide (H,S photosynthe-
sis using PSI) or like Rhodobacter in the absence of sulfide
(cyclic electron transport using PSII). A redox-dependent
regulator, or redox switch, controlling the mutually exclusive
expression of the two photosystems would have allowed the
protocyanobacterium to use light in the presence or absence
of sulfide. A similar, but not identical, situation is observed
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today for Oscillatoria [57], which can either express only
PSI or both photosystems [62].

The transition from having two photosystems to having
oxygenic photosynthesis required the invention of a water
splitting apparatus. Blankenship [63,64] has favored a model
in which a Mn-dependent enzyme such as manganese
catalase was the precursor to the water splitting complex.
Other models entail environmentally available Mn" to start
[65-67]. Mn" is known to undergo photooxidation to Mn™
in the presence of uv light [68], hence in the context of Allen’s
protocyanobacterial hypothesis, were a mutation to occur in
the redox switch, allowing both photosystems to be expressed
in an environment where sulfide was lacking but Mn" was
available, a flux of electrons from environmental (aqueous)
Mn" to ferredoxin would have ensued. The final step would
have been the transition from oxidizing environmental Mn"
(possibly with the help of uv) one at a time as a substrate,
to oxidizing a portable Mn'" reserve in the cluster of the
water splitting apparatus at the periplasmic side of PSII
[69]. Recently, geochemical evidence was reported that is
in agreement with both that scenario [70] and the model
of Dismukes and colleagues [65,71], which also suggested a
role for environmental Mn" while also pointing out a role for
high CO, in the origin of water splitting. The Mn-oxidizing
abilities of RCII from Rhodobacter [72] are also compatible
with the models deriving water splitting complex from
environmental Mn'.

An understanding of the evolution of photosynthesis
further highlights the uniqueness and importance of the
origin of plastids. Although photosynthetic genes have been
exported from ancient cyanobacteria to other prokaryotic
lineages, none of them have received and retained both
photosystems. The only known case of successful transfer
of the two photosystems is the origin of photosynthetic
eukaryotes, which involved endosymbiosis of cyanobacterial
cells. This made plastid-bearing eukaryotes the only group
of organisms other than cyanobacteria that are capable of
oxygenic photosynthesis.

Who: the 1% and the 99% of the
ancestral plastid genome

There are a number of cyanobacterial genomes sequenced,
but only a small fraction of that information is typically used
to investigate cyanobacterial or plastid evolution. Studies
that aim to infer the backbone phylogeny of plastids and
free-living cyanobacteria either use single gene trees (16S
rDNA) [31,38,41] or, more commonly, sets of protein-coding
genes that included 23 [39], 25 [32], 33 [34], 42 [52], 50 [29]
or 75 [33] genes. The number of protein-coding genes in
sequenced free-living cyanobacteria ranges from 1716 in
Prochlorococcus marinus MED4 [73] to 12 356 in Scytonema
hofmanni PCC 7110, the most gene-rich prokaryote known
to date [39]. In other words, the cyanobacterial phylogenies
are typically based on about 0.1-1% of the genes present in
cyanobacterial genomes.

Based on these phylogenies, we can divide the genomes
into clades/lineages (Fig. 1). But what can the lineage labels
based on the 1% tell us about the other 99% of the genome?

Because of the importance of lateral gene transfer in shaping
prokaryotic genomes [74,75], no universal classification
can be applied to prokaryotic genomes as a whole [76,77]
such that the tree of the shared 1% tells us little, if anything,
about how many and what other genes are present in the rest
of the genome. Consider, for example, the lineage formed
by cyanobacterial sections IV and V (Fig. 1). Fischerella
thermalis PCC 7521 has 5340 protein-coding genes, not
even half as many as S. hofmanni in the same lineage [39].
Similarly, different ecotypes of the marine cyanobacterium
Prochlorococcus marinus show variation in the number of
open-reading frames by as much as 40% across strains [78],
although their core genes are very similar. Traits such as the
filamentous morphology that are determined by multiple
genes also cannot be predicted from the core gene phylogeny
[32]. In view of these, the core genes can provide a useful
taxonomy and convenient genome labels, which however
are poor proxies for the number and nature of the genes
comprising the other 99%. The debate about the plastid
branching point is thus one on how we can best label the
plastid ancestor when we try to fit it onto the backbone tree
based on 1% of the genome.

Many genes that were present in the cyanobacterial plastid
ancestor have been transferred to the nucleus [26,28]. That is,
a substantial component of the “other 99%” resides in nuclear
chromosomes, but these genes can also be used to address
plastid origin. Identification of eukaryote-cyanobacterial
homologous genes and sequence similarity comparison
suggest that present-day cyanobacteria in the sections IV
and V (point “¢” in Fig. 1) tend to harbor the most homo-
logs and that they have a higher similarity with those in
plastid-bearing eukaryotes [39,46]. This suggests that, in
terms of overall genome similarity, extant section IV and
V taxa should be most similar to the ancestral plastid, but
this does not imply that we would find the plastid ancestor
among them. As in the case of mitochondrial endosymbio-
sis [79], no present-day cyanobacteria would contain the
same complement of genes as the plastid ancestor due to
the cumulative effect of lateral gene transfer and gene loss.

We know LGT is more frequent among prokaryotes [77]
and that the three main mechanisms responsible for pro-
karyote LGT (transduction, conjugation and transformation)
have not been reported to play an important role in bringing
genes to eukaryotes from prokaryotes or other eukaryotes.
Gene transfers to plastids are also rare [19]. Such findings
suggest that 1.5 billion years after plastid origin, even if we
know the cyanobacterial lineage most closely related to
plastids, it cannot faithfully represent the plastid ancestor in
terms of gene content, and cyanobacterial pangenomes figure
into this issue. By contrast, the present-day plastid genome,
together with plastid-derived nuclear genes, has been more
or less “frozen” from the time of endosymbiosis. Therefore,
the best reconstruction of the plastid ancestor we can get
is probably to identify all nuclear genes of plastid origin by
removing the genes contributed by the archaeal host and
the mitochondrial endosymbiont [80-82] in addition to the
eukaryote-specific gene inventions.
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Why: the physiological context of plastid origin

When addressing the ancestral state of microbial physiol-
ogy that led to the initial advantageous association between
the founder endosymbiont and its host, the variety of plastid
functions within a eukaryotic cell readily gives rise to differ-
ent hypotheses. Since Mereschkowsky’s initial endosymbiotic
theory [6], the production of carbohydrates by the cyano-
bacterial endosymbiont was thought to be a crucial key
for the establishment of the plastids [45]. Additionally, the
possible scarcity of freely available oxygen at the time and
place where the endosymbiotic event occurred [83-85] led
Martin and Miiller [80] to propose a syntrophic association
between a cyanobacterial symbiont with its heterotrophic,
eukaryotic host. In this case, the advantage to the host would
have been the coupling of the photosynthetic waste (oxygen)
produced by the cyanobacterium with the aerobic respiration
that occurred at the host mitochondria. Yet the theory best
supported by observations from modern cyanobacterial
symbioses is that nitrogen fixation played a crucial role
in the establishment of the association between the host
and its endosymbiont. In nature, highly diverse taxonomic
hosts form symbiotic or endosymbiotic associations with
photosynthesizing and N, -fixing cyanobacteria in various
environments. They range from autotrophic algae and
plants [86] to heterotrophic fungi where over 1500 species
represent cases of lichen symbioses with cyanobacteria [87].
Specifically in plants, cyanobacterial symbioses are present
in the four main groups — gymnosperms, angiosperms, pte-
ridophytes and bryophytes [86]. The first confirmed example
of a nonfilamentous intracellular endosymbiont with the
potential to offer fixed nitrogen to its host is the spheroid
body in Rhopalodia gibba, a diatom alga [88]. Symbiosis is
not restricted to unicellular endosymbionts. The vertically
transmitted endosymbiont (Anabaena) of the pteridophyte
Azolla, which was reduced to an organism devoted to nitro-
gen fixation, is a multicellular cyanobacterium [89]. Another
example is the angiosperm Gunnera manicata that uses the
nitrogen provided by the filamentous symbiont (Nostoc
punctiforme) and continues growing under N-limited condi-
tions in the presence of the symbiont [90]. In gymnosperms,
a nitrogen-fixing cyanobacterial symbiont (Nostoc) was found
in the roots of most known cycad species [91,92].

It has been shown that nitrogen deprivation stimulates
modern symbiotic associations [86,90] and that nitrogen-
rich conditions on the contrary facilitate the dissipation of
pre-established symbiotic relationships [86]. If nitrogen was
the key factor for the host and symbiont to form the initial
association, it is congruent with the finding that present-day
members of filamentous, heterocyst-forming and N, -fixing
cyanobacterial sections IV and V have a collection of genes
most similar to that possessed by the plastid ancestor [39,46].
However, the ability to fix nitrogen was lost over time and
modern plant plastids do not perform nitrogen fixation
anymore [93]. Nitrogen fixation, including the splitting of
the stable triple electron pair bond between the two nitrogen
atoms is highly energy expensive. Each mol of fixed nitrogen
requires 16 mol of hydrolyzed ATP [94]. The oxidation
state of the environment and, as a consequence thereof,
the increased availability of nitrate [95] result in a highly

decreased need to acquire fixed nitrogen via symbiosis today
and shape present-day N, -fixing cyanobacterial symbioses
into a niche solution in N-poor areas [96], whereas at the
origin of plastids, it might have played a crucial role.

Interpreting trees for plastid origin

In recent years, there have been repeated claims in the
literature that a chlamydial infection had something to do
with plastid origin as a kind of a helper symbiont. Accord-
ing to the most recent version of the hypothesis [97], this
hypothetical chlamydial endosymbiont, which is found
neither in any extant plastid-bearing lineages nor in any
contemporary cyanobacterial symbioses, had contributed
a significant number of genes to the nuclear genome. Some
problems with the chlamydial hypothesis and reasons why
it is unlikely to be true have been discussed previously [20].
Among them is the circumstance that gene transfer from
endosymbionts to their host has become very popular topics
these days, and people continuously find the idea of gene
transfer interesting, be it the human genome, where many
claims for gene transfer turned out to be artefacts [98], the
case of the plastid-bearing slug Elysia [99], where the claims
for gene transfer also turned out to be unfounded [100,101],
the case of trypanosomes [102,103], where claims for gene
transfer also turned out not to be true [104], or the case
of ciliates, where claims for gene transfer in the context of
secondary endosymbiosis also turned out not to be true
[105]. Of those examples, the chlamydia case is most similar
to the trypanosome and ciliate cases, because the chlamydia
story involves small numbers of genes with odd branching
patterns that (i) do not stand out above the background
signals to be expected in such analyses [105] and that (ii)
were identified as such in earlier studies of plant genomes
[28]. Indeed, none of the examples of cyanobacterial sym-
bioses outlined in the previous section involve chlamydia
or any other helper bacteria, cyanobacteria do just fine by
themselves when it comes to establishing stable symbioses,
both intracellular and extracellular.

Since the chlamydial hypothesis is solely based on trees,
rather than cellular evidence as in the endosymbiotic theory
for plastids, it is important to know what the trees can really
tell us. In addition to potential phylogenetic errors in the
trees showing transfers from chlamydiae [106], it is notable
that many other lineages of prokaryotes also appear to have
donated genes to eukaryotes. Anyone interested in propos-
ing a hypothesis similar to the chlamydial one can readily
single out another lineage and a eukaryotic compartment
or pathways where more proteins have been apparently
donated from that lineage. This appearance, however, comes
from the circumstance that genes donated to eukaryotes
by plastids and mitochondria continue to be transferred
among free-living prokaryotes long after the organelle had
its origin [79,107-109]. Chlamydiae and cyanobacteria even
specifically share a sufficiently large number of genes that
they form a common cluster (a module) in gene sharing
networks (Fig. 1C in Dagan et al. [75]). Genes forming that
module can generate trees in which chlamydiae look as if they
donated genes to eukaryotes [75]. Though proponents of the
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chlamydial helper symbiont hypothesis tend to overlook this
effect, cognoscenti increasingly appreciate how gene transfer
among prokaryotes affects inferences of gene origin through
the endosymbiotic origin of organelles [109].

Here, a critic might ask whether apparent chimerism
such as that observed for nuclear-encoded genes is also
observed for organelle-encoded proteins, and if not, why
not? The answer is that it is observed, the problem being
that very few studies have ever looked for such (apparent)
chimerism. For example, the phylogenies of the proteins in
the Reclinomonas mitochondrial genome [110], long the
largest mitochondrial genome known with 63 protein coding
genes, were rarely scrutinized. In 2004, Esser et al. [111], did
however investigate the phylogeny of the 55 proteins encoded
in the Reclinomonas americana mitochondrial genome that
are sufficiently well conserved for phylogenetic inference.
They found that “the Reclinomonas protein branched with
homologues from Rickettsia species in 5 trees, with homo-
logues from Wolbachia in 10 trees, basal to Rickettsia and
Wolbachia in 5 trees, with other a-proteobacteria or group-
ings thereof in 16 trees, and not with homologues from any
a-proteobacterium in 19 trees with bootstrap proportions
less than 70% for 53 of the 55 proteins studied” (reference
[111] p. 1646). They furthermore surmised: “Recalling that
the Reclinomonas mitochondrion inherited its genome from
proteobacteria, rather than having acquired it through lateral
acquisition from various donors, such disparate results could
mean (1) that a degree of noise exists in the data (for example,
due to poor conservation, as in the case of the twelve proteins
that were excluded for lack of good homologues); (2) that the
phylogenetic method is producing an imperfect estimation of
the phylogeny, producing artifacts in some cases, but getting
close to the true position in other cases; (3) that any number
of problems inherent to phylogeny reconstruction, such as
model misspecification or poor sampling, were present; (4)
that the eubacteria sampled might be avidly exchanging
these genes over time; or (5) any combination of the above.”
(reference [111] p. 1646). That is very much the same thing
as we are saying here.

With regard to plastid encoded proteins, similar studies
are lacking to our knowledge, but for nuclear encoded genes
in plants, Martin et al. [28] did find that phylogenetic trees
for three cyanobacterial genomes “suggest at face value
the Arabidopsis lineage to have acquired genes not from
one cyanobacterium, but from all three sampled [even at
a bootstrap probability (BP) = 0.95], whereby that view
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contradicts independent evidence suggesting a single origin
of plastids from one cyanobacterium, not three or more in
the Arabidopsis lineage”. We note that concatenation, which
is very popular for the study of organelle genome phylogeny,
condenses the many disparate signals that individual genes
contain into a single averaged signal [29,30,32-34], while
studies that investigate nuclear genes or (n.b.) seek evidence
for gene transfer to eukaryotes are based on individual gene
phylogenies [97]. Furthermore, concatenation harbors many
pitfalls that are not yet well-understood [112]. Supertrees,
which summarize the information from many trees in a
single tree, support the participation of a plastid, a mito-
chondrion, and a host in eukaryote evolution, but no other
extra partners [113]. Clearly, there is a need for additional
critical studies of the phylogenetics of organelle origins.

Conclusion

Based on evidence from protein import machineries and
phylogenies of eukaryotes and prokaryotes, plastids had a
single origin involving a eukaryotic host and a cyanobacte-
rial endosymbiont. This event is unique in that it is the only
known successful transfer of oxygenic photosynthesis from
cyanobacteria to another lineage. The origin of plastids
might have involved nitrogen fixation during the initial
physiological interactions of the symbiosis, as suggested
by the overall similarity between genomes of diazotrophic
cyanobacteria and plastid-derived nuclear genes in photosyn-
thetic eukaryotes. Genomics and phylogenetics continue to
enrich our understanding of plastid origin in the context of
cyanobacterial evolution, but even with the copious amounts
of data available, “core” genome phylogenies reported by
different groups tend to conflict. This is because phylogenies
are heavily model-dependent [12]. There is thus a need to
look beyond the “1%” core genome phylogenies when ad-
dressing plastid origin. And if we keep lateral gene transfer
among prokaryotes in mind - and the resulting fluid nature
of prokaryotic chromosomes in the context of organelle
origins [107-109] — we can make sense of the phylogenetic
patterns observed in plant and algal genomes, without the
need to infer spirochaete or chlamydial gene donors or the
like. Understanding endosymbiosis in eukaryote genome
evolution in the context of prokaryote genome evolution is
a challenging exercise of keeping the bigger picture in focus.
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