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Evolutionary relationships among complex, multicellular
eukaryotes are generally interpreted within the framework of molecular sequence-based phylogenies that
suggest green plants and animals are only distantly
related on the eukaryotic tree. However, important
anomalies have been reported in phylogenomic analyses,
including several that relate specifically to green plant
evolution. In addition, plants and animals share molecular, biochemical and genome-level features that suggest a
relatively close relationship between the two groups. This
article explores the impacts of plastid endosymbioses on
nuclear genomes, how they can explain incongruent phylogenetic signals in molecular data sets and reconcile
conflicts among different sources of comparative data.
Specifically, I argue that the large influx of plastid DNA
into plant and algal nuclear genomes has resulted in treebuilding artifacts that obscure a relatively close evolutionary relationship between green plants and animals.
Phylogenies and the origin of plants
Phylogenetic analyses using molecular sequence data
have provided influential new hypotheses regarding
eukaryotic evolutionary relationships and the origin
of green plants (Viridiplantae; see Glossary). Most
sequence-based phylogenies strongly support a sister
relationship between animals and fungi (opisthokonts;
see Glossary), with green plants as a distant outgroup
[1]. Recovery of opisthokonts is among the most robust
results of broad-scale eukaryotic molecular systematics.
The grouping, now, is included in most introductory
biology texts, and is used as a benchmark for interpreting
the evolution of genome-level characters and complex
metabolic processes.
Comparably strong phylogenetic relationships have
been harder to pin down for green plants. Molecular
phylogenetics that recovered all plastids as monophyletic
with respect to cyanobacteria led to the hypothesis of a
single endosymbiotic origin in the common ancestor of
green plants and red algae, the two major groups containing primary plastids (see Glossary) [2,3]. Whether available data strongly favor a single plastid endosymbiosis
has been addressed elsewhere, and the issue remains
difficult to resolve [4]; however, even a single plastid
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origin does not necessarily imply a close evolutionary
relationship between Viridiplantae and Rhodophyta
(see Glossary) [5,6].
Many phylogenetic analyses based on nuclear sequence
data strongly reject a red–green sister relationship [5,7,8],
and inferred differences in RNAP II transcription are difficult to reconcile with their putatively monophyletic relationship [9]. In contrast, recent phylogenomic analyses provided
strong support for a hypothesis in which three primary
plastid lineages (green plants, red algae and glaucocystophytes) share a common ancestor [10]. This study noted,
however, that a relatively large amount of sequence is
required to recover this relationship [10], and subsequent
analyses of the same data showed that the tree-building
signal supporting monophyly of primary plastid eukaryotes
was due to more rapidly evolving sequences [8]. This
suggests that the result might be a phylogenetic artifact
caused by rate variation in sequence evolution [8], although
the source of this variation is unclear.
Glossary
Amoebozoans: a group that includes Dicytostelium and diverse
amoeboid protists, and is recovered as the sister group to opisthokonts in sequence-based phylogenies [48].
Glaucocystophyta: a small and relatively rare group of protists
whose primary plastids (cyanelles) can be distinguished by the
presence of a vestigial bacterial cell wall and cyanobacteria-like
pigments.
Long-branch attraction: a catch phrase for tree-building artifacts,
named for the tendency of rapidly evolving sequences to attract each
other artificially in phylogenetic analyses. The correlated tendency of
slowly evolving sequences to cluster artificially (short branch exclusion) can be a major but underappreciated problem in phylogenetic
analyses at great evolutionary distances.
Opisthokonts: a group comprising animals, fungi and their respective protistan relatives, proposed originally [49] based on the presence of a posterior flagellum as a synapomorphic character.
Primary plastids: plastids (chloroplasts) believed to be derived
directly from a cyanobacterial endosymbiont based on the presence
of two surrounding membranes.
Purifying selection: the elimination of deleterious alleles from a
population or species by natural selection.
Rhodophyta: commonly called red algae, a diverse and ancient
eukaryotic group with primary plastids that contain phycobiliproteins as the major accessory pigments.
Synapomorphy: a derived evolutionary character that is believed to
have originated in the common ancestor of two or more taxa.
Viridiplantae: the monophyletic group comprising all green algae
and land plants. It is used synonymously with the term green plants
in this article.
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A persistent artifact related to green plant origins
The difficulty in recovering a well-supported sister
relationship with red algae is not the only phylogenetic
curiosity relating to green plants origins. Early attempts at
multigene phylogenies of major eukaryotic lineages typically recovered animals and fungi as sister taxa, or placed
animals with green plants, but seldom suggested a close
relationship between green plants and fungi [11,12]. The
presence of a second directional tree-building signal was
characterized as a persistent artifact of phylogenetic reconstruction [11]; the fact that animals and fungi were
recovered as sister taxa by most sequences led to the
presumption that trees supporting a plant–animal
relationship reflect this artifact [11]. After this preliminary
characterization, most multigene investigations of eukaryotic relationships have not examined the problem further;
those that have provide evidence that these two conflicting
phylogenetic signals are a consistent feature of molecular
sequence data [13,14].
In addition to sequence-based phylogenies, an
animal–fungi relationship is supported by a number of
putatively shared-derived characters (synapomorphies).
These include an insertion in the elongation factor-1a
gene [11], the fusion of the dihydrofolate and thymidylate
synthase genes [15], the acquisition of archael tyrosyltRNA synthetase by horizontal gene transfer [16], and
the presence of orthologous genes absent from most other
eukaryotes [17]. Interestingly, comparable molecular features that could be considered synapomorphic have been
reported for green plants and animals, suggesting that
the two competing phylogenetic signals are not limited to
tree-building algorithms. The pre-mRNA capping pathway is perhaps the most compelling example. Green
plants and animals are unique in their use of a different
class of triphosphatase enzyme that also is fused to
guanylyl transferase, thereby producing a multifunctional capping enzyme (CE) [18]. Additional evidence of
a close animal–green plant relationship includes similarities in regulatory elements for RNA polymerase III
transcription [19], homologies in mechanisms for innate
immune responses [20] and uniquely shared orthologous
gene families [21–23]. In fact, genomic surveys of gene
orthologs and protein domains consistently show a stronger similarity between plants and animals, with fungi as
the outlier [24–27]. Although this might be attributable
to an extensive gene loss from smaller fungal genomes,
efforts to sample more broadly and to incorporate weighting based on genome size have not changed the result
[26].
The shared presence of complex biochemical, genetic
and proteomic networks further support a close relationship between green plants and metazoans. The strongly
conserved retinoblastoma protein (Rb)–E2F cell cycle control pathway [28], which regulates G1 to S phase progression, is found only in animals and green plants.
Moreover, this is only one of the apparently homologous
mechanisms that control cell development in both lineages,
including master regulators of stem cell differentiation [29]
and control of reproduction by polycomb group complexes
[30]. Evidence for these conserved functions has not yet
surfaced from the numerous fungal genomes sequenced to
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date. The evolution of such complex genomic features and
metabolic networks generally are interpreted within the
framework of sequence-based phylogenies, which presumes a relatively distant relationship between green
plants and animals. This can sometimes lead to more
complicated and even strained evolutionary assumptions
(Box 1). Thus, even as strong consensus relationships
emerge from sequence-based phylogenomics, serious questions remain [1]. This is particularly true for inferences at
great genetic distances, such as those relating to green
plant origins, where lineage-specific biases can confound
tree-building algorithms [1,7,31–33].
The impact of plastid endosymbioses on nuclear
genomes
Although the common presence of plastids has influenced
hypotheses about eukaryotic phylogenetic relationships,
the potential biases these plastids might introduce into
nuclear phylogenomic inference require more scrutiny. In
particular, it is important to explore whether their presence can explain existing conflicts among molecular data
sets, and/or the tree-building anomalies outlined above.

Box 1. Precursors or remnants of complex metabolic
pathways?
The evolution of a complex molecular or biochemical feature is
generally interpreted in light of sequence-based trees. When any
genes involved in a given pathway are found in a member of a
lineage, it is assumed that the entire pathway is present, or at least
was ancestrally in the group. This can lead to the construction of
assumptions and complicated scenarios to explain characters that
appear to be synapomorphic for green plants and animals. Such
explanations might not be realistic biologically.
A prime example is the Rb–E2F pathway, which controls G1–S cell
cycle progression and cell differentiation. The pathway is conserved
across animals and plants, including the unicellular green algal
Ostreococcus [50], but has not been reported from any of the
numerous fungal genomes sequenced to date. Although also absent
from most protistan genomes, possible Rb homologs have been
found in a handful of organisms scattered over the eukaryotic tree.
Outside plants and animals, the function of a putative Rb homolog
has been characterized experimentally only in the slime mold
Dictyostelium, where it appears to be important for stalk differentiation but not in cell cycle control [51].
Rb-like proteins were certainly present at some earlier point in
eukaryotic evolution but, as in Dictyostelium, might have carried out
related and/or different functions that were less central to the basic
cell cycle. Consequently, they would not have come under the same
intense purifying selection (see Glossary) that has preserved their
core functions in animals and green plants. The most parsimonious
interpretation of the full Rb–E2F pathway is that it originated in a
common ancestor of metazoans and plants; this clearly conflicts
with sequence-based phylogenetic inferences.
It is an inadequate practice to make the a priori judgment that
such a complex and strongly conserved molecular system, present
in both animals and green plants, was simply lost from numerous
other eukaryotes. Specifically, reasonable evolutionary hypotheses
should include explanations for how core cellular processes could
be retained under strong selection in two distant and unrelated taxa,
when they have been lost independently and repeatedly across the
breadth of eukaryotic diversity. Given the theoretical and empirical
problems with sequence-based deep phylogenetic reconstruction, it
might be biologically more realistic to assume that the trees are
wrong, and that features such as the Rb–E2F pathway and CE are
just what they appear to be: shared, derived characters uniting
green plants with animals.
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It has been recognized for some time that the
establishment of fully integrated plastids involved
the transfer of much of the original endosymbiont’s genome
into the host cell nucleus [34]. It was originally thought
that the process was largely complete early in the symbiotic association [35]; however, later investigations showed
that gene transfer continued [36], and that similarities in
the genes retained in plastid genomes were more consistent with a pattern of independent but convergent transfers
[37].
The transfer of genes required for plastid function is
only part of the overall impact on the nucleus. Approximately 18% of genes encoded in the Arabidopsis nucleus
have a probable cyanobacterial origin [38]; many of the
proteins they encode are not targeted back to the chloroplast. Rather, they have taken on alternative functions or
have replaced original eukaryotic orthologs involved in
host cell metabolism [38]; an example involving pyrimidine
biosynthesis is discussed below. Given that most Arabidopsis genes are too divergent for their complete ancestry
to be identified using comparative methods [38], additional
undetected cyanobacterial replacements are likely. Even
this, however, might be the tip of an iceberg.
Fine-scale analyses of the Arabidopsis genome led to the
discovery that, despite its highly reduced state, the remnant plastid genome continues to pepper the nucleus with
sequences of cyanobacterial ancestry, so called NUPTs
(nuclear plastid DNA) [39,40]. Similar results have been
found for sequences of mitochondrial origin (NUMTs) in both
plants and animals [40], indicating that a general phenomenon is at play in the coevolution of organelle and nuclear
genomes. These sequences, which appear to be distributed
at random in nuclear chromosomes, range in size from
entire copies of the organelle genome to tens of base pairs
in length [39,40]. Uptake rates of plastid DNA by the
nucleus are low in some taxa, presumably because they
now contain a single chloroplast per cell [41,42]. Nevertheless, it is likely that ancestral nuclear genomes of green
plants, red algae and glaucocystophytes experienced a
steady rain of cyanobacterial sequences until the plastid
endosymbiosis was fully integrated, with additional and
perhaps continuous input in those taxa harboring multiple
plastids per cell [42]. Thus, it is important to consider the
probable consequences of so much plastid sequence replacement on phylogenomic investigations.
Implications for nuclear gene phylogenies
The most obvious potential complication is an inadvertent
inclusion of endosymbiont genes in host cell phylogenies. In
principle, this should be avoidable if the transferred genes
have an obvious cyanobacterial signature. It is unclear,
however, that the problem has received sufficient scrutiny
in phylogenomic analyses. There might be any number of
plant nuclear genes with cyanobacterial ancestry that are no
longer easily recognizable as such and, therefore, are treated
as bona fide, if divergent, eukaryotic orthologs.
Beyond the influence of whole-gene replacements, a more
subtle and insidious problem would be the insertion or
recombination of smaller cyanobacterial sequences into
nuclear genes. Given the number of whole-gene replacements that have been tolerated, it is reasonable to speculate
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that recombination between homologous or even similar but
non-homologous cyanobacterial and nuclear genes was common early in the endosymbiotic relationship, before most
genes were lost from the plastid. The presence of short,
plastid-derived sequences would be hard to detect, particularly with ancient transfers that do not retain a clear
cyanobacterial signature. Nevertheless, anecdotal cases of
horizontal transfer of gene segments have been reported in
eukaryotes, even in the absence of a clear mechanism to
account for their movement [43]. At least one possible
partial-gene recombination has strongly influenced the idea
of a rhodophyte–green plant sister relationship [44],
although no obvious cyanobacterial connection was identified in this case. Given established rates of organelle
sequence influx into nuclear genomes and the length of time
that nuclei of primary plastid eukaryotes have been exposed
to DNA transfer from plastids, the cumulative impact is
potentially enormous.
A plastid-impact hypothesis
The pervasive impact of plastid sequences on nuclear
genomes suggests a unifying hypothesis for reconciling
conflicts in phylogenomic and comparative investigations.
It begins with the assumption that the similarities between plants and animals, as well as the directional treebuilding signal in many nuclear genes favoring their close
relationship, are present because the two groups share a
relatively close ancestor. To provide a straightforward
interpretation of features such as CE, as well as a clear
demonstration of the potential impact of cryptic plastid
sequences, it is assumed that plants and metazoans are
immediate sister taxa. This need not be the case, however;
the hypothesis requires only that animals and plants share
a common ancestor to the exclusion of most other eukaryotic lineages, including red algae.
Under this assumption, how might the historical influx
of plastid DNA into the plant nucleus impact phylogenetic
reconstruction? If a given nuclear gene has no cyanobacterial imprint, it should indicate (ideally) a close relationship between plants and metazoans. A tree-building signal
from these genes [Figure 1, gene (a)] can account for the socalled ‘persistent artifact’ that attracts these two groups in
phylogenetic reconstruction. Given the potential magnitude of plastid impacts, combined with an acknowledged
loss of historical information at deep levels [1,31,32], a
relatively small fraction of plant nuclear genes might
retain an accurate signal that reflects the evolutionary
history of the host cell.
By contrast, any cyanobacterial imprint on a given
nuclear gene will increase its genetic distance from eukaryotic orthologs. If included in phylogenetic reconstruction,
such cryptic sequences will draw plant sequences away
from their host cell relatives and toward longer branch
outgroups [Figure 1, gene (b)]. This should result in a
strong clustering of animals and fungi, because their
sequences have changed less from those present in the
common ancestor of all three groups. This tree-building
artifact, directly related to the well-known problem of longbranch attraction (see Glossary), might be a far more
important feature of deep phylogenies than has generally
been recognized [7].
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Figure 1. Hypothetical phylogeny of green plants, red algae, animals and fungi based on the potential impacts of plastid DNA on the nuclei of photosynthetic organisms.
Unlabelled branches indicate the possibility of intervening eukaryotic lineages not addressed in this article. Examples of potential synapomorphies supporting a sister
relationship between green plants and animals are shown in the white box. Cells with nuclei from each of the four groups are depicted at the top of their respective tree
branches; plastids are present in the green plant and red algal cells as sources of DNA that can be integrated into the nucleus. The nuclei contain three chromosomes (in
orange) with four orthologous eukaryotic loci (in purple); for simplicity, genome rearrangements are not depicted. Blue-green regions in green plant and red algal
chromosomes indicate either insertions or recombinations of plastid-derived cyanobacterial sequences. The predicted impacts of these sequences on host cell phylogenetic
inference are shown in the three tree-building scenarios at the bottom of the figure. Sequences from gene (a) produce a phylogeny reflecting historical relationships
because there have been no impacts from plastid DNA; this explains the so-called persistent artifact supporting a green plant–animal sister relationship found in various
sequences. Gene (b) contains a region of plastid DNA that has impacted only the green plant nuclear gene, thereby increasing its distance from its eukaryotic orthologs and
leading to a tree supporting opisthokonts but not clustering green plants with red algae. Genes (c) and (d) contain parallel plastid impacts in green plants and red algae.
Regardless of whether they have a common endosymbiotic origin, plastids all have a cyanobacterial ancestry, which draws red and green sequences together in
phylogenetic reconstruction. To illustrate their potential impacts on nucleus-based phylogenomics most emphatically, plastids are depicted as having multiple origins;
however, independent ancestors for red and green host cells are also fully compatible with a single plastid origin [5,6]. Thus, the plastid impact hypothesis is consistent
with either scenario of plastid origins. Abbreviations: F, Fungi; M, Metazoa; R, Rhodophyta; V, Viridiplantae.

Based on fossil evidence, the lineages of primary
plastid eukaryotes diverged from each other over a billion years ago [45]. Thus, even under the assumption of a
single plastid origin, most genetic incursions into green
plant genomes are unlikely to be shared with red algae or
glaucocystophytes. Consequently, they are expected to
produce an artifact favoring the opisthokonts, but not
necessarily support a relationship among primary plastid eukaryotes. By contrast, any parallel replacement or

recombination that did occur would tend to draw the
respective photosynthetic taxa together in phylogenetic
analyses [Figure 1, genes (c,d)]. Because parallel events
are expected to be rarer, it should take far more sequence
data to build strong support for a relationship among
primary plastid eukaryotes than for a grouping of
animals with fungi. Moreover, these genes should appear
to evolve relatively rapidly owing to the cryptic presence
of divergent cyanobacterial sequences. These are
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precisely the patterns reported in phylogenomic
investigations [8,10].
The potential effects described above are consistent
with (i) the dual tree-building signals that group animals
either with fungi or with green plants, (ii) the presence of
unique genomic and proteomic features shared by green
plants and animals, (iii) the weak phylogenetic attraction
among eukaryotes with primary plastids, and (iv) the
finding that this attraction is produced by sequences that
evolve more rapidly.
Although the specific mechanistic effects of cryptic
plastid sequences on nuclear phylogenomics have yet to
be demonstrated, a prominent example shows how plastid
gene replacement can mislead interpretations of plant and
animal origins: in the preliminary investigations of the de
novo pyrimidine biosynthesis pathway, it was shown that
animals, fungi and amoebozoans (see Glossary) share the
fusion of three genes (CPS II, ACT and DHO) that encode a
single CAD complex, which was proposed as a synapomorphic character uniting the three groups [15]. In green
plants, however, several of the genes in question were
replaced by plastid homologs, making the ancestral state
of CAD-encoding genes impossible to determine. Subsequent sequencing of the red alga Cyanidioschyzon genome demonstrated the presence of both the fused CAD
complex and additional plastid-derived homologs [46].
Thus, the CAD fusion probably occurred before the origin
of the common ancestor of all these diverse groups and,
subsequently, was lost from green plants through plastid
gene replacement [46].
The original and evidently incorrect phylogenetic
inference regarding the CAD fusion is precisely the artifact
predicted for sequence-based trees [Figure 1, gene (b)]. It is
worth asking, hypothetically, what the phylogenetic conclusion would have been, had the first red alga investigated
also lost the ancestral CAD complex and retained only
cyanobacterial-derived homologs? It seems likely that
parallel replacements would have been considered a second synapomorphy (see Glossary) uniting red algae and
green plants as sister groups [the artifact shown in
Figure 1, genes (c,d)].
Future perspectives
The large impact of cyanobacterial sequences on plant
nuclear genomes appears indisputable, but their influence
on phylogenomic analyses remains unclear. Nevertheless,
the potential that plastid endosymbioses affect nuclear
phylogenetic inference so strongly suggests some general
recommendations for the future investigations.
(i) Major cellular changes, such as the incorporation of
plastids, can lead to lineage specific effects with
strong potential impacts on phylogenetic inference.
This is true even in the absence of plastid–nuclear
gene recombination; for example, ecophysiological
selection plays an important role in shaping divergent
patterns of amino acid content between animals and
green plants, due to differences in the mechanisms of
acquisition and allocation of nutritional resources
[47]. These and other results from comparative
genomics should be incorporated into an appreciation
of how sequence data produce trees of relatedness.
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(ii) Individual sequences should be examined carefully for
evidence of biases that might introduce tree-building
artifacts into larger data sets; consistent but conflicting
patterns should be investigated thoroughly.
(iii) There should be no a priori assumption that the
strongest tree-building signal in a given data set
reflects evolutionary history rather than bias in the
data.
(iv) The evolution of complex genomic and proteomic
characters should not be interpreted automatically
though the prism of sequence-based phylogenies, or
any other single methodological approach. As more
eukaryotic genomes become available, different kinds
of comparative data can be treated cladistically, with
the cumulative signal from sequence-based trees
representing just one of the characters used to
polarize relationships.
To develop a complete, reliable and biologically useful
model of plant origins and diversification, it is important
that the evolutionary implications of comparative genomic
and proteomic data be investigated thoroughly, both for
what they imply directly about phylogenetic relationships
and for their potential effects on computational algorithms.
The plastid impact hypothesis provides one viable explanation for the results of phylogenomic and other comparative research on green plant origins, including existing
conflicts and anomalous results, and deserves further
investigation.
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