SINPAS

yd

Genome evolution in cyanobacteria: The stable core

and the variable shell

Tuo Shi*™ and Paul G. Falkowski**s

*Environmental Biophysics and Molecular Ecology Program, Institute of Marine and Coastal Sciences and *Department of Earth and Planetary Sciences,

Rutgers, The State University of New Jersey, New Brunswick, NJ 08901

Contributed by Paul G. Falkowski, November 27, 2007 (sent for review September 18, 2007)

Cyanobacteria are the only known prokaryotes capable of oxy-
genic photosynthesis, the evolution of which transformed the
biology and geochemistry of Earth. The rapid increase in published
genomic sequences of cyanobacteria provides the first opportunity
to reconstruct events in the evolution of oxygenic photosynthesis
on the scale of entire genomes. Here, we demonstrate the overall
phylogenetic incongruence among 682 orthologous protein fami-
lies from 13 genomes of cyanobacteria. However, using principal
coordinates analysis, we discovered a core set of 323 genes with
similar evolutionary trajectories. The core set is highly conserved in
amino acid sequence and contains genes encoding the major
components in the photosynthetic and ribosomal apparatus. Many
of the key proteins are encoded by genome-wide conserved small
gene clusters, which often are indicative of protein-protein, pro-
tein—-prosthetic group, and protein-lipid interactions. We propose
that the macromolecular interactions in complex protein structures
and metabolic pathways retard the tempo of evolution of the core
genes and hence exert a selection pressure that restricts piecemeal
horizontal gene transfer of components of the core. Identification
of the core establishes a foundation for reconstructing robust
organismal phylogeny in genome space. Our phylogenetic trees
constructed from 16S rRNA gene sequences, concatenated ortholo-
gous proteins, and the core gene set all suggest that the ancestral
cyanobacterium did not fix nitrogen and probably was a thermo-
philic organism.

horizontal (lateral) gene transfer | oxygenic photosynthesis |
gene family | nitrogen fixation

xygenic photosynthesis is arguably the most important

biological process on Earth. Approximately 2.3 billion years
ago (Ga) (1-4), that energy transduction pathway transformed
Earth’s atmosphere and upper ocean, ultimately facilitating the
development of complex life forms that depend on aerobic
metabolism (5-7). Cyanobacteria are widely accepted as the
progenitor of oxygenic photosynthesis, and the clade has evolved
into one of the largest and most diverse groups of bacteria on this
planet (8). Cyanobacteria contribute significantly to global pri-
mary production (9, 10), and diazotrophic taxa are central to
global nitrogen cycle (11-13). Arguably, no other prokaryotic
group has had a greater impact on the biogeochemistry and
evolutionary trajectory of Earth, yet its own evolutionary history
is poorly understood.

The availability of complete genomes of related organisms
provides the first opportunity to reconstruct events of genomic
evolution through the analysis of entire functional classes (14).
Currently, cyanobacteria represent one of the densest clusters of
fully sequenced genomes [supporting information (SI) Table 1].
Comparisons of genome sequences of closely related marine
Prochlorococcus and Synechococcus species have demonstrated
an intimate link between genome divergence in specific strains
and their physiological adaptations to different oceanic niches
(15, 16). This ecotypic flexibility appears to be driven by myriad
selective pressures that govern genome size, GC content, gene
gains and losses, and rate of evolution (17, 18). Moreover,
phylogenetic analyses of genes shared by all of the five known
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phyla of photosynthetic bacteria, including cyanobacteria, purple
bacteria (Proteobacteria), green sulfur bacteria (Chlorobi),
green filamentous bacteria (Chloroflexi), and Gram-positive
heliobacteria (Firmicutes), have provided important insights
into the origin and evolution of photosynthesis, an intensively
debated subject in the past decades (19-29). This information
has been substantially extended by genome-wide comparative
informatics (30-32). One of the major implications of the latter
work is a significant extent of horizontal gene transfer (HGT)
among these photosynthetic bacteria. The observation that
cyanophages sometimes carry photosynthetic genes (33-35) pro-
vides one mechanism of rapid HGT among these phyla. How-
ever, HGTs almost certainly do not occur with equal probability
for all genes. For example, informational genes (those involved
in transcription, translation, and related processes), which are
thought to have more macromolecular interactions than opera-
tional genes (those involved in housekeeping), are postulated to
be seldom transferred (36, 37). The existence of a core of genes
that remain closely associated and resistant to HGT has been
reported in recent studies using relatively intensive taxon sam-
pling (38, 39). Identification of such core genes potentially allows
separation of true phylogenetic signals from “noise.” It is,
therefore, of considerable interest to transcribe all coherent
genome data into pertinent phylogenetic information and to
identify which genes are more susceptible to HGT.

Here, we report on identification and reconstruction of the
phylogeny of 682 orthologs from 13 genomes of cyanobacteria.
Our primary goals are twofold: (i) to examine the impact of HGT
on the evolution of photosynthesis and the radiation of cya-
nobacterial lineages; and (ii) to identify a core set of genes that
are resistant to HGT on which robust organismal phylogeny can
be reconstructed. Our results reveal that >52% (359) of the
orthologs are susceptible to HGT within the cyanobacterial
phylum and hence are responsible for the inconsistent phyloge-
netic signal of this taxon in genome space. In contrast, the
remaining 323 orthologs show broad phylogenetic agreement.
This core set is comprised of key photosynthetic and ribosomal
proteins. This observation suggests that the macromolecular
interactions in complex protein structures (e.g., ribosomal pro-
teins) and metabolic pathways (e.g., oxygenic photosynthesis)
are strongly resistant to piecemeal HGT. Transfer was ultimately
accomplished by wholesale incorporation of cyanobacteria into
eukaryotic host cells, giving rise to primary photosynthetic
endosymbionts that retained both photosynthetic genes and
genes coding for their own ribosomes (40—-44).
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Fig. 1. Distribution of tree topologies among 682 sets of orthologs. Both NJ
(black bars) and ML (red bars) tree topologies give similar distribution pat-
terns. There is no unanimous support for asingle topology; rather, most of the
orthologs (58% and 67% for NJ and ML trees, respectively) appear as single-
tons that associate with unique topologies.

Results

Conserved Protein Families in Genomes of Cyanobacteria. Our pair-
wise genome comparison reveals a total of 682 orthologs common
to all 13 genomes examined (SI Table 2). These orthologs constitute
the core gene set and some define aspects of the genotype that are
uniquely cyanobacterial. This core set represents only 8.9% (in the
case of the largest genome, Nostoc punctiforme) to 39.7% (in the
case of the smallest genome, Prochlorococcus marinus MED4) of

the total number of protein-coding genes from each genome under
study (see SI Table 1) but seems to account for all of the principal
functions (SI Table 3). Our analysis leads to an estimate of the pool
of orthologs similar to what has been identified from 10 cyanobac-
terial genomes (45), but nearly three times more than the number
of cyanobacterial signature genes bioinformatically characterized
by Martin et al. (46) and only 65% of the number of cyanobacterial
clusters of orthologous groups (31). The discrepancy mostly results,
in the case of the former, from a filtering procedure to remove
homologs of chloroplasts and anoxygenic photoautotrophs and, in
the case of the latter, from a less-stringent unidirectional BLAST hit
scheme used. In addition, some of the incomplete genomes used in
this study are still undergoing confirmation from the final assembly,
hence equivalent genes may have been overlooked in some cases.
It is highly possible that, because of the overly restrictive criterion
(47), even without the use of any particular threshold (e.g., the
default BLAST e value threshold is 10), the set of orthologs
identified by the reciprocal top BLAST hit scheme would under-
estimate the actual number of orthologs (18).

Phylogenetic Incongruence Among Conserved Protein Families. Based
on amino acid sequences, we built phylogenetic trees for each of
the 682 orthologous protein families, using both neighbor joining
(NJ) and maximum likelihood (ML) methods. Surprisingly, the
frequency distribution of observed topologies fails to reveal a
predominant, unanimous topology that represents a large num-
ber of orthologs (Fig. 1). In contrast, most of the orthologs (58%
and 67% for NJ and ML, respectively) exhibit their own unique
topologies. As a result, the maximum number of orthologs that
share a particular topology accounts for only 1.9-2.1% of the
orthologous datasets (Fig. 1).
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Fig. 2. Representative backbone tree topologies. Phylogenetic trees were constructed by using both 16S rRNA gene and orthologous proteins through
phylogenomic approaches (see Materials and Methods for details). Phylogenetic tree construction methods are highlighted with colored horizontal bars and
text. Conserved monophyletic subgroups are shaded. Row one shows the proportion of orthologs giving a particular tree topology (NJ, black bar; ML, red bar).
Also shown are examples of proteins corresponding to that topology. Row five indicates number of datasets accepting (Left) or rejecting (Right) a particular
topology in a Shimodaira-Hasegawa (SH) (55) test (SI Fig. 7). Row six shows the evaluation of the five backbone topologies, using the concatenated 323-core-gene
set (Fig. 3) through Kishino-Hasegawa (72) (Left), SH (55) (Center), and expected likelihood weight (73) (Right) tests, which infer a confidence tree set. ANA,
Anabaena sp. PCC7120; AVA, Anabaena variabilis ATCC29413; CWA, Crocosphaera watsonii WH8501; GVI, G. violaceus PCC7421; NPU, N. punctiforme
ATCC29133; PMM, P. marinus MED4; PMT, P. marinus MIT9313; PMS, P. marinus S$120; SCO, S. elongatus PCC7942; SYW, Synechococcus sp. WH8102; SYN,
Synechocystis sp. PCC6803; TEL, T. elongatus BP-1; TER, Trichodesmium erythraeum IMS101.
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Fig. 3.

PCoA of trees compared with topological distance. (A) Plot of the two first axes of the PCOA made from 628 ML trees. The other 54 genes are excluded

as a result of axis demarcation. The same experiment with NJ trees gave very similar results. The ellipse depicts 323 orthologs in the densest region (the core)
of the cloud that share a common phylogeneticsignal, whereas trees present in the marginal area (the shell) are much more likely to be perturbed by horizontal
transfers. Photosynthetic genes are color coded based on their respective pathways. Also shown are examples of conserved clusters of ribosomal (red text) and
photosynthetic (green text) genes that are present in the core. (B) The PCoA plotted against the protein variability. Protein variability was measured by taking
the total length of a corresponding tree as measured by total amino acid substitutions per site, divided by the number of sequences in the tree (48). The legend
is the same except that photosynthetic genes are collectively designated as green dots.

Phylogenomic Reconcilement. To determine whether a common
signal can be extracted from phylogenetic incongruence, we used
the consensus, the supertree, and the reconstruction of phylog-
eny based on the concatenation of all of the 682 individual
proteins. These approaches greatly resolve the topological in-
congruence, leading to five topologies as shown in Fig. 2.
Specifically, the NJ and ML trees, using the concatenated
sequences give three topologies in total (T1 and T2 for NJ; T2
and T3 for ML), one of which is in agreement with that of the
16S ribosomal RNA (rRNA) gene tree repeatedly obtained with
NJ, ML, or maximum parsimony methods. The consensus and
supertree built on the 682 individual NJ trees show two other
topologies (T4 and T5), whereas those of ML trees reveal an
identical topology to one of the concatenated ML trees. These
five topologies are remarkably similar in that Synechocystis sp.
PCC6803 and five diazotrophic species form a monophyletic
clade, and that Synechococcus sp. WH8102 and three Prochlo-
rococcus ecotypes form three different monophyletic clades. The
notable conflicts concern the species Synechococcus elongates
PCC7942 and the thermophilic Thermosynechococcus elongates
BP-1, which tend to cluster at the base of the two major
subgroups but form aberrant topologies.

Analyses of the fitness of a particular topology to the 682
sequence alignments (SI Figs. 6 and 7) indicate that almost all
(97.5 t0 99.6%) of the datasets support topologies T1-T5 at the
95% confidence level (P = 0.95), suggesting a lack of resolution
of single gene phylogenies.

The Stable Core and the Variable Shell in Genome Space. To extrap-
olate evolutionary trajectories least affected by artificial para-
logs, or genes potentially obtained by HGT, we calculated tree
distances among all possible pairs of the orthologous sets. The
pairwise distances were then used to conduct a principal coor-
dinates analysis (PCoA). This results in a core set of 323 genes
that share similar evolutionary histories (i.e., coevolving and
rarely transferred) as opposed to the other 359 that exhibit
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divergent phylogenies (i.e., independently evolving and fre-
quently transferred) (Fig. 34). Ribosomal proteins are almost all
grouped in the densest core, whereas the much sparser region of
the cloud is formed largely by operational and nonribosomal
informational genes. Additionally, the core is comprised of
proteins constituting the scaffolds of the photosynthetic appa-
ratus, and, at least partially, those that participate in ATP
synthesis, chlorophyll biosynthesis, and the Calvin cycle. Based
on an approach of “embedded quartets” that allows detection of
HGT events with significantly improved resolution, Zhaxy-
bayeva et al. (32) found that some of the major photosynthetic
genes were subject to HGT and that the bias toward metabolic
(operational) gene transfers was only detectable in transfers
between cyanobacteria and other phyla. The apparent conflict
between our analysis and that of Zhaxybayeva et al. is almost
certainly due to methodological differences.

Using the sum of amino acid substitution per site in the tree
as a “rough-and-ready” measure of protein variability (48), we
compared the rates of evolution of genes in different functional
categories. Both the PcoA (Fig. 3B) and the frequency distri-
bution (Fig. 4) versus protein variability analyses reveal that
ribosomal and photosynthetic genes are highly conserved,
whereas the operational and other informational genes are
strongly skewed toward high protein variability. A high degree of
protein sequence conservation is significantly biased toward
genes that are in the core and those encoded in genome-wide
conserved gene clusters (Fig. 4), most likely because of the large
number of ribosomal and photosynthetic genes present. This
result suggests that the core gene set appears to have remained
relatively stable throughout the evolutionary history of cya-
nobacteria, whereas genes in the shell are much more likely to
be acquired via HGT.

We further reconstructed the phylogeny of the 13 genomes on
the basis of a superalignment of 100,776 sites obtained via
concatenating the 323 core proteins. We used three methods, all
of which result in a tree having the same topology as that for the
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consensus, supertree, and concatenation of all of the 682 protein
families (T3 in Fig. 2 and tree presented in Fig. 5). It differs only
slightly from other tested topologies that are not rejected by most
individual alignments but exhibits a superior likelihood support
(Fig. 2). Intriguingly, all of the diazotrophic cyanobacteria fall
within a distinct group, and their divergence from other non-
diazotrophic taxa appears to occur much later after the origin of
the clade based on rooting with Gloeobacter violaceus PCC7421,
most possibly the earliest lineage within the radiation of cya-
nobacteria (49), and T. elongatus BP-1, a unicellular thermo-
philic cyanobacterium that inhabits hot springs. The early dia-

100/100/100 p Anabaena sp. PCC7120 ]
100/100/100 Anabaena variabilis Heterocystous
100/34/100 Nostoc punctiforme I
100/86/100 Trichod erythraeum

Crocosphaera watsonii }Non-heterocystous‘

Synechocystis sp. PCC6803 ]
98/86/1001 10011001100 4004y, mra marinus MED4
100/100/100 P. marinus SS120
100/100/100 P. marinus MIT9313
100/91/1 0?: Synechococcus sp. WH8102
Synechococcus elongatus
—Thermosynechococcus elongatus
Gloeobacter violaceus J

Non-diazotrophic Diazotrophic

0.1
—

Fig. 5. Phylogenetic tree reconstructed based on the concatenation of the
323 core proteins. The topology shown agrees with the consensus topology of
the 682 orthologs (T3 in Fig. 2) and is supported by almost all individual
datasets (Fig. 2 and SI Fig. 7). Bootstrap probabilities estimated by NJ-I'/QP/
ProtML with 1,000 replications are shown for each internal branch. The scale
bar refers to the number of amino acid substitutions per site. The dashed line
designates the split between diazotrophic and nondiazotrophic taxa.
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zotrophic cyanobacteria appear to have been nonheterocystous,
with heterocyst-forming lineages emerging later, possibly as a
result of elevated levels of atmospheric O, (50).

Discussion

Our analyses reveal an overwhelming phylogenetic discordance
among the set of genes selected as likely orthologs (Fig. 1).
Conflicting phylogenies can be a result of artifacts of phyloge-
netic reconstruction, HGT, or unrecognized paralogy. In our
reciprocal best hit approach, we retained as orthologs those
containing only one gene per species. Therefore, only ortholo-
gous replacement and hidden paralogy (i.e., differential loss of
the two copies in two lineages) can occur in selected families.
These two types of events are expected to be comparatively rare
under application of the reciprocal hit criterion (51). Thus,
phylogenetic incongruence is unlikely due to artifacts from a
biased selection of orthologs. Furthermore, the overall phylo-
genetic disagreement does not seem to be caused by tree
reconstruction or model selection artifacts because both NJ and
ML individual trees unambiguously support plural partitions
(Fig. 2). HGT is likely one of the most important driving forces
that lead to the discrete evolutionary histories of the conserved
protein families. Indeed, HGT has played an important role in
the evolution of prokaryotic genomes (52-54). A hallmark of
HGT is that the transferred genes often exhibit aberrant organ-
ismal distributions, which contrast with the relationships in-
ferred from both the 16S rRNA gene tree and phylogenies of
vertically inherited individual protein-coding genes. But how can
this superficially random gene transfer event explain the con-
served nature of many of the key genes that comprise the
functional core across all cyanobacterial taxa?

Although phylogenomic approaches are capable of capturing the
consensus or frequent partitions that silhouette the trend in genome
evolution, they may not necessarily guarantee the paucity of a
conflicting phylogenetic signal in genome space. The plural support
for the consensus/supertree/concatenation topologies indicates that
the five top topologies are not significantly different from each
other; that is, >90% of the datasets do not discriminate among the
topologies (Fig. 2). Do the consensus/supertree/concatenation trees
accurately reflect organismal history, or, on the contrary, do they
blur the vertical inheritance signal by incorporating potential
HGTs? There is a large margin of uncertainty. Part of the uncer-
tainty may be due to the strength of the Shimodaira—Hasegawa
(SH) test (55), especially when examining the accuracy of similar
topologies. Indeed, the SH test was based on the evaluation of only
15 of a total of 13,749,310,575 possible unrooted tree topologies for
13 species (SI Figs. 6 and 7). Although the majority of the possible
topologies would not be supported by any dataset, the selection of
a limited number of trees may have biased the analyses. But part of
the uncertainty can also be attributed to the data, most notably
genes that are subjected to HGT and homologous recombination
between closely related species. This is even more pronounced in
the PCoA, which demonstrates clearly that ~53% of the orthologs
are subject to HGT complicating/diluting the vertical inheritance
signal within the cyanobacterial phylum (Fig. 3).

Our results reveal that both photosynthetic and ribosomal
genes share similar evolutionary histories and belong to the
cyanobacterial genome core (Fig. 3). This finding of limited
HGT in proteins with extraordinarily conserved primary struc-
ture is consistent with the complexity hypothesis; that is, genes
coding for large complex systems that have more macromolec-
ular interactions are less subject to HGT than genes coding for
small assemblies of a few gene products (37). Translation in
prokaryotes requires coordinated assembly of at least 100 gene
products, including ribosomal small and large subunits, which
interact with 5S, 16S, and 23S rRNA; numerous tRNA and
mRNA; initiation and termination factors; ions; etc. Similarly,
the oxygenic photosynthetic apparatus needs an investment of a
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huge number of proteins, pigments, cofactors, and trace ele-
ments for effective functionality. All of the components required
in both machines are presumed to be present in a potential host,
and the complexity of gene product interactions is a significant
factor that restricts their successful HGT rates relative to the
high HGT rates observed for operational genes. It is noteworthy,
however, that not all photosynthetic genes are significantly
resistant to HGT. Photosynthetic genes outside the core, includ-
ing genes encoding proteins whose functions are yet to be
confirmed (ycf) and those that tend to form the periphery (i.e.,
supplemental “add ons”) of the photosynthetic scaffold, may be
less critical to biophysical interactions and hence more readily
transferred between cyanobacteria compared with the large
integral membrane proteins that belong to the functional core of
the photosynthetic apparatus. The impact of membrane protein
interactions appears to continue to limit the transfer of core
photosynthetic genes to the nucleus in higher plants and algae,
even after the endosymbiosis event. This is supported by the fact
that proteins whose genes are most resistant to transfer to the
nucleus constitute the functional physical core of the photosyn-
thetic apparatus (56). In contrast, some genes that belong to the
peripheral scaffold of photosynthesis, for example, the perC and
psbO, have been transferred to the nucleus as did thousands of
other easily transferred cyanobacterial genes (57). A striking
feature of these HGT-resistant components is that they tend to
cluster together in a putative operon, containing two to four
genes, that is conserved among all cyanobacteria and plastids
(58). The mechanism underpinning the conservation of gene
order is unknown. It could be an advantage in gene expression
for coordinated transcription of the genes and assembly of the
subunits of a multimetric complex. However, it is more likely that
protein—protein, protein—cofactor, and protein-membrane in-
teractions exert a strong selection pressure to maintain synteny
to reduce the chance of being perturbed by HGT via genetic
recombination (58, 59). These interactions not only govern the
conservation of gene order, but also the tempo of evolution of
these genes (Figs. 3 and 4). There seems to be a link between the
tempo of evolution and resistance to HGT; the probability of
HGT increases with decreased conservation of amino acid
sequence in a gene product (48). Moreover, the complexity of
oxygenic photosynthetic machinery makes it difficult to transfer
components piecemeal to nonphotosynthetic prokaryotes. In-
deed, operon splitting of the photosynthetic apparatus requires
many independent transfers of noncontiguous operons. Al-
though large-scale HGT among photosynthetic prokaryotes (30)
may suggest a complex nonlinear process of evolution that results
in a mosaic structure of photosynthetic pathway (60), transfer of
the key photosynthetic genes are very rare (33, 34). Transfer of
this key pathway was only achieved by wholesale incorporation
of cyanobacteria into eukaryotic host cells (40-44).
Phylogenetic analysis of the cyanobacterial genome core
strongly suggests that the last common ancestor of extant
cyanobacteria was incapable of N, fixation (Fig. 5). This meta-
bolic pathway appears to have been acquired via HGT much
later after the origin of this clade, possibly as a result of a “fixed
nitrogen crisis” in the late Archean and early Proterozoic eons
(61). In this scenario, the accumulation of a small concentration
of oxygen (resulting from oxygenic photosynthesis) would have
led to massive denitrification of the upper ocean with a con-
comitant loss of fixed inorganic nitrogen for growth of marine
photoautotrophs. This process created an evolutionary bottle-
neck, which potentially selected for the stable transfer of the nif

1. Bekker A, et al. (2004) Dating the rise of atmospheric oxygen. Nature 427:117-120.

2. Anbar AD, et al. (2007) A whiff of oxygen before the great oxidation event? Science
317:1903-1906.

3. Kaufman AJ, et al. (2007) Late Archean biospheric oxygenation and atmospheric
evolution. Science 317:1900-1903.
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operon from a (presumably) heterotrophic prokaryote to cya-
nobacteria. It should be noted that selection of the specific
nitrogenase was probably not related to metal availability,
because Fe was abundant under these mildly oxidizing condi-
tions (62). It was only after the “great oxidation event,” ~2.3 Ga
(1-3) and later, that Fe would become limiting, leading to the
sequential selection for V- and Mo-containing nitrogenases.
Thus, under the mildly oxidizing conditions that prevailed in the
late Archean to early Proterozoic, Fe-based nitrogenases would
have been naturally selected within the archaea and subse-
quently transferred to a large group of bacteria via HGT (63). In
the late Proterozoic and throughout the Phanerozoic, oxygenic
photosynthesis ultimately led to precipitation of insoluble oxi-
dized (ferric) Fe, thereby making this element a major factor
limiting N fixation in the ocean, a condition that appears to
continue to limit the productivity in the contemporary ocean
(64). Macrogenomic features of cyanobacteria potentially pro-
vide clues regarding the ability of these organisms to acquire
nitrogenase and other genes. For example, all cyanobacterial
diazotrophs have significantly larger genomes than their nonfix-
ing counterparts (SI Table 1), suggesting that the genomes may
have been exposed to frequent HGT and are more competent to
incorporate genes.

Materials and Methods

Gene Family Selection. We performed all-against-all BLAST (65) comparisons of
protein sequences for all possible pairs of the 13 genomes of cyanobacteria
(SI Table 1), using an e value of 107 as a lower limit cutoff, and reciprocal
genome-specific best hits were identified. A total number of 682 protein
families consisting of one gene per genome were retrieved and assigned to
functional categories according to those defined for the cluster of ortholo-
gous groups (66).

Alignments and Tree Construction. Protein sequences were aligned with
Clustalw (67), followed by selecting unambiguous parts of the alignments
excluding all gap sites. ML trees were computed with PHYML (68), using the
JTT model of substitution and the Gamma (I')-based method for correcting the
rate heterogeneity among sites. Neighbor joining (NJ) trees were constructed
by using the distance matrix provided by TREE-PUZZLE (69) under a I'-based
model of substitution (alpha parameter estimated, eight T rate categories)
and bootstrapped by using SEQBOOT and CONSENSE from PHYLIP (70). See
SI Methods for concatenation, consensus, and supertree reconstruction.

Comparisons Among Trees. Trees were compared with Treedist program in
PHYLIP using the branch score distance of Kuhner and Felsenstein (71) to
generate an n X n distance matrix where n is the number of trees. Principal
coordinates analysis (PCoA) was then performed with the multidimensional
scaling procedure in SAS software, Version 8.2 (SAS Institute). PCoA allowed
us to embed the n trees in a space of up to n — 1 dimensions. By plotting the
objects (the trees) along the most significant two first dimensions, the major
trends and groupings in the data can be visualized graphically.

For each of the 682 alignments, a comparison of the likelihood of the best
topology with that of the candidate topologies (S| Figs. 6 and 7) was per-
formed with the SH test (55) implemented in TREE-PUZZLE. Similarly, a com-
parison of the five backbone topologies (Fig. 2) was conducted with SH,
Kishino-Hasegawa (72), and expected likelihood weight (73) tests, using the
concatenated 323-core-gene set. All tests were conducted by using a 5%
significance level and were performed by using the resampling of estimated
log-likelihood method with 1,000 replications.
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