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Letter

Phylogenetic analyses of cyanobacterial genomes:
Quantification of horizontal gene transfer events

Olga Zhaxybayeva,'%> |. Peter Gogarten,? Robert L. Charlebois," W. Ford Doolittle,’

and R. Thane Papke'

"Genome Atlantic and Department of Biochemistry and Molecular Biology, Dalhousie University, Halifax, Nova Scotia B3H 1X5,
Canada; 2Department of Molecular and Cell Biology, University of Connecticut, Storrs, Connecticut 06269, USA

Using 1128 protein-coding gene families from 1l completely sequenced cyanobacterial genomes, we attempt to
quantify horizontal gene transfer events within cyanobacteria, as well as between cyanobacteria and other phyla. A
novel method of detecting and enumerating potential horizontal gene transfer events within a group of organisms
based on analyses of “embedded quartets” allows us to identify phylogenetic signal consistent with a plurality of
gene families, as well as to delineate cases of conflict to the plurality signal, which include horizontally transferred
genes. To infer horizontal gene transfer events between cyanobacteria and other phyla, we added homologs from 168
available genomes. We screened phylogenetic trees reconstructed for each of these extended gene families for highly
supported monophyly of cyanobacteria (or lack of it). Cyanobacterial genomes reveal a complex evolutionary
history, which cannot be represented by a single strictly bifurcating tree for all genes or even most genes, although a
single completely resolved phylogeny was recovered from the quartets” plurality signals. We find more conflicts
within cyanobacteria than between cyanobacteria and other phyla. We also find that genes from all functional
categories are subject to transfer. However, in interphylum as compared to intraphylum transfers, the proportion of

metabolic (operational) gene transfers increases, while the proportion of informational gene transfers decreases.

[Supplemental material is available online at www.genome.org and http:/ / carrot.mcb.uconn.edu/cyano/.]

Cyanobacteria occupy a diverse range of habitats. The 11 genome
sequences included in this study represent freshwater, marine,
and hot spring species, including four closely related marine cya-
nobacteria from the Prochlorococcus/marine Synechococcus group.
Based on the shared traits of oxygenic photosynthesis, several
single gene analyses (e.g., Giovannoni et al. 1988), and analyses
of shared indels (Gupta et al. 2003), all cyanobacteria form a
monophyletic phylogenetic group. Indeed, the “coherence” of
cyanobacteria—by which we mean monophyly for all or the vast
majority of genes—is often considered self-evident, and asserted
without elaboration or citation (e.g., Hagen and Meeks 2001;
Otero and Vincenzini 2004).

In 1979, Rippka et al. (1979) divided cyanobacteria into five
sections based on morphology. However, this classification does
not correspond with molecular markers, including ribosomal
RNAs. In 16S rRNA phylogenies (Turner 1997; Honda et al. 1999;
Turner et al. 1999; Wilmotte and Herdman 2001), cyanobacteria
form several statistically supported clusters different from the
sections of Rippka et al. (1979), and with no clearly resolved
relationships among the clusters. This poor resolution might be
explained by rapid radiation or by recombination within 16S
rRNA—enough to scramble phylogenetic signal (e.g., Yap et al.
1999; Boucher et al. 2004; Miller et al. 2005; Morandi et al. 2005).

Horizontal (or lateral) gene transfer (HGT), potentially fol-
lowed by recombination with or replacement of resident ho-
mologs (orthologous replacement), is now recognized as a major
force shaping evolutionary histories of prokaryotes (e.g., Koonin
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et al. 2001; Zhaxybayeva and Gogarten 2002; Boucher et al.
2003) and eukaryotes (e.g., Mitreva et al. 2005). Among methods
for detecting instances of HGT are observations of unusual evo-
lutionary patterns in gene phylogenies, patchy phylogenetic dis-
tribution, and atypical nucleotide composition (Ochman et al.
2000; Ragan 2001). These different methodologies produce vary-
ing estimates of HGT.

Atypical nucleotide composition methods indicate that in-
dividual cyanobacterial genomes have acquired between 9.5%
and 16.6% of their genes through HGT (Ochman et al. 2000;
Nakamura et al. 2004). Because acquired genes eventually “ame-
liorate” to have the compositional characteristics of their new
environment, these are almost certainly serious underestimates.
Individual instances of molecular markers in cyanobacteria with
contradicting phylogenetic histories continue to accumulate as
well (e.g., Rudi et al. 1998; Seo and Yokota 2003). In an earlier
study, some of us (Zhaxybayeva et al. 2004) performed genome-
wide bipartition analyses of 678 data sets of orthologous genes
(or data sets, for short) present in 10 cyanobacterial genomes.
The plurality consensus of these data sets was poorly resolved.
Nevertheless, many individual gene families contradicted it, sug-
gesting that gene families in cyanobacterial genomes have com-
plex, frequently noncongruent, phylogenetic histories. Popula-
tion studies of Microcoleus chthonoplastes and Nodularia sp. indi-
cate very high rates of homologous recombination (Barker et al.
2000; Lodders et al. 2005). Cyanophages infecting marine cya-
nobacteria have been reported to contain genes important for
photosynthesis (Mann et al. 2003; Lindell et al. 2004; Millard et
al. 2004; Sullivan et al. 2005; Zeidner et al. 2005), and likely
mediate transfer and recombination of these genes among ma-
rine cyanobacteria (Zeidner et al. 2005). Indeed, Zeidner et al.
(2005) postulated that the diversity accumulated in phage psbA
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genes may serve as an evolutionary reservoir for hosts and in-
creases the hosts’ chances of adapting to changing environ-
ments. Additional evidence for the occurrence of HGT in cyano-
bacteria comes from laboratory experiments with Synechocystis
sp. PCC6803 and Thermosynechococcus elongatus BP1 in which
mutants are made through the recombination with exogenous
DNA (e.g., Ikeuchi and Tabata 2001; Iwai et al. 2004).

In spite of such evidence for HGT involving individual gene
families in cyanobacteria and many other bacterial groups, co-
herence of the phyla is often assumed, and invoked as evidence
that HGT is in the long run a weak force, and no serious chal-
lenge to the historical accuracy of the rRNA-based Tree of Life.
There have been few systematic and exhaustive assessments of
the extent to which bacterial phyla really are coherent (Beiko et
al. 2005; Kunin et al. 2005). Furthermore, coherence, even if well
documented, does not mean that HGT is unimportant or infre-
quent within phyla. There are many reasons to expect that
within-phylum HGT will be more vigorous and more fruitful
than between-phylum exchange. In some cases, members of a
phylum are more likely to occupy similar environments, and
encounter each others’ DNA. There will be phylum-specific con-
straints based on physiology: for instance, cyanobacteria could
not profitably incorporate individual genes of the methanogen-
esis pathway, but there might be many circumstances in which
variant photosynthetic genes could benefit near or distant rela-
tives within the cyanobacteria. Finally, between-phylum differ-
ences in genome organization (Lawrence and Hendrickson 2005)
and in the machinery of gene expression and its regulation may
constrain effective HGT.

More frequent within-phylum orthologous replacement
(and homologous recombination) would serve to maintain simi-
larity between members, while allowing divergence between
phyla. Thus, the preferential sharing of a common gene pool
could be itself the principal cause of coherence (Gogarten et al.
2002; Olendzenski et al. 2002). To test this, comparative estima-
tions of the extent of inter- and intragroup transfers are needed.
In this study, we analyze sets of orthologous genes from 11 avail-
able cyanobacterial genomes and their homologs in 168 other
prokaryotes and attempt to quantify the number of transfers that
occurred within cyanobacteria and between cyanobacteria and
other phyla.

Results

Selection of sets of orthologous genes

Detection of orthologous genes is an important step in attempts
to estimate HGT events. Poor selection of sets of orthologous
genes leads to hidden paralogy, which is a serious problem in
phylogenetic reconstruction. Several different approaches are
used frequently to detect sets of orthologous genes (e.g., Zhaxy-
bayeva and Gogarten 2002; Lerat et al. 2003; Tatusov et al. 2003;
Harlow et al. 2004); none is perfect. Our very conservative
method (see Zhaxybayeva and Gogarten 2002 for methodology),
requiring a reciprocal top-scoring BLAST hit for each member of
a set of orthologs, may miss many sets of legitimate orthologous
genes, but it minimizes data sets contaminated with paralogs.
Many genome-wide analyses (including analyses of cyano-
bacterial genomes in Zhaxybayeva et al. 2004) are based on a core
set of genes, that is, genes present in all analyzed genomes. This
restricts such studies to a limited number of very conserved
genes, and as more genomes are added to improve taxon sam-

pling, the size of the core set of genes decreases (Charlebois and
Doolittle 2004). Using our selection criterion, there are, for in-
stance, only 663 genes present in all 11 of the cyanobacterial
genomes, although there are 3804 found in at least four ge-
nomes, the minimum for any comparative phylogenetic analysis
(see Table 1). Here we use a “relaxed core” of 1128 genes, those
identified in at least nine of the 11 genomes, reasoning that such
nearly ubiquitous genes probably determine many of the char-
acters by which cyanobacteria are judged to be a “coherent”

group.

Embedded quartet decomposition analyses

For this analysis, we developed a new tool that allows the inclu-
sion of sets of orthologous genes with missing data. The tool is
designed to examine all possible “embedded quartets” for each
set of orthologous genes detected in a group of analyzed ge-
nomes, that is, all possible four-taxon trees that are consistent
with (embedded within) a corresponding gene tree (Fig. 1). This
method—"“embedded quartet decomposition analyses” or “quar-
tet decomposition,” for short—is conceptually similar to the
spectral analysis method of Hendy and Penny (1993) and Lento
et al. (1995). A data set of orthologous genes can be, in principle,
as small as four taxa (containing one quartet) or as large as 11
taxa (containing 330 embedded quartets). The resulting embed-
ded quartets can be summarized to depict the evolutionary rela-
tionships among the genomes that are supported by a plurality of
orthologous sets, as well as to delineate genes that conflict with
this plurality consensus. We applied this method to the relaxed
core of cyanobacteria.

Screening quartets for minimization of false inferences

Quartets with a very short internal branch can produce mislead-
ing results because of the absence of sufficient phylogenetic in-
formation, thus we removed from our relaxed core data sets all
quartets with fewer than three amino acid substitutions along
the internal branch: 27 data sets had at least one embedded quar-
tet with such a very short internal branch. To reduce long branch
attraction artifacts (Felsenstein 1978), we also excluded embed-
ded quartets with any unbroken external branch more than 10
times longer than the internal branch, and 798 data sets had at
least one quartet excluded at this step.

Table 1. Number of sets of orthologous genes detected in 11
cyanobacterial genomes

Order Number of data sets
0? 663
12 239
2?2 226
3 219
4 367
5 490
6 590
7 1010
Total 3804

“Order” indicates the number of genomes in which the gene was not
found.

#Sets of orthologous genes from orders 0, 1, and 2 are collectively re-
ferred to as a “relaxed core” (see text for more details).
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Figure 1. lllustration of an embedded quartet in a gene tree. In each
11-taxon unrooted gene tree (shown in gray thin lines), we look at the
relationship of any four taxa at a time (shown in thick black lines is an
example of an embedded tree for taxa 1, 4, 9, and 10), which we call an
embedded quartet. In one gene tree, an embedded quartet can support
only one of three possible phylogenetic relationships among the four
taxa. However, in other gene trees, an alternative phylogenetic relation-
ship for this quartet can be observed. In each 11-taxon gene tree, all
possible (') four-taxon trees embedded within the gene tree are exam-
ined.

Power of detection as assessed through simulations

Even in the absence of phylogenetic reconstruction artifacts, one
expects some false positives at any bootstrap support cutoff (i.e.,
phylogenies that conflict with the plurality signal by chance),
because of the finite amount of phylogenetic data used for phy-
logenetic reconstruction. False positives will be particularly fre-
quent among quartets resolved only by a few gene families. We
performed genome evolution simulations without any gene loss
or gain, that is, genes in genomes following strictly vertical in-
heritance (see Methods for details), to estimate the frequency of
such false positives and the likely efficacy of the screening meth-
ods for minimizing false inference described above.

We found that when >30% of the data sets resolve an em-
bedded quartet (i.e., support one of the three possible tree to-
pologies with at least 80% bootstrap support), the number of
false positives is negligible (see Table 2 and Supplemental mate-
rial). However, simulations introducing HGT events showed that
the conservative approach of excluding quartets resolved by
<30% of the data sets increases the number of false negatives (i.e.,
undetected transfer events). Simulations of either sort produced
similar results whether analyzed with PhyML (Guindon and Gas-
cuel 2003) or TREE-PUZZLE (Schmidt et al. 2002), thus we used
the latter, faster, method in subsequent study of real data. We
conclude that our screening methods likely result in underesti-
mates of HGT, overall.

Plurality signal and estimation of conflicts within the
cyanobacterial group based on analyses of the relaxed core

All embedded quartets retained after removal of those with short
internal or long external branches were resolved by at least 30%
of data sets. We summarized the plurality support for all embed-
ded quartets across all data sets as well as conflicts with plurality
in a diagram that we call a quartet spectrum (because we assess all

possible combinations of four taxa, providing a full spectrum of
possible relationships) (see Fig. 2). All quartet topologies sup-
ported by a plurality of data sets are compatible with each other,
and therefore only one most parsimonious tree exists (a so-called
perfect phylogeny, Felsenstein 2004). This tree, found using a
supertree reconstruction algorithm (see Methods), is shown in
Figure 3.

While the plurality signal supports one fully resolved tree
topology, we found that a substantial proportion of data sets (685
data sets, or roughly 61% of analyzed data sets) exhibits conflict
with the plurality signal in at least one embedded quartet. Some
of these conflicts (those involving alternative sister relationships
between terminal taxa and having at least 80% bootstrap sup-
port) are visualized in Figure 3. In the Supplemental material, we
provide trees for the 131 data sets involved in conflicts indicated
in Figure 3. One example is provided in Figure 4. Among genes
conflicting with the plurality signal are genes involved in pho-
tosynthesis (see Table 3), including genes recently found in
phages infecting Prochlorococcus (Lindell et al. 2004) and marine
Synechococcus (Millard et al. 2004).

Incongruence of gene histories among
Prochlorococcus | Synechococcus

Among the 11 genomes, four belong to the Prochlorococcus/
marine Synechococcus group. Members of the Prochlorococcus ge-
nus have only been recently discovered because of their anoma-
lously low fluorescence and small size (Chisholm et al. 1988).
Marine Synechococcus and Prochlorococcus are proposed to diverge
from a common phycobilisome-containing ancestor (Ting et al.
2002). While marine Synechococcus still uses phycobilisomes as
light-harvesting antennae, members of the Prochlorococcus genus
lack phycobilisomes and use a different antenna complex (Pcb),
as well as possessing derivatives of chlorophyll a and b that are
unique to this genus (for a recent review, see Partensky et al.
1999). In addition, marine Synechococcus and Prochlorococcus are
adapted to different ecological niches: Marine Synechococcus is
prevalent in coastal waters, while Prochlorococcus is ubiquitous in
open subtropical and tropical ocean. Within Prochlorococcus mari-
nus, two “ecotypes” are differentiated: low-light-adapted and
high-light-adapted types (Rocap et al. 2003). In the 16S rRNA
tree, high-light-adapted Prochlorococcus spp. arise from within a
low-light-adapted clade (Ting et al. 2002).

We find numerous conflicts between these four genomes,
those involving highly supported apparent transfers between ter-
minal taxa being shown in Figure 3. Similarly, in a recent study,
Beiko et al. (2005) report >250 HGT events among these marine
cyanobacteria. Although these genomes are reported to have ac-
celerated rates of evolution (Dufresne et al. 2005), and hence
could be more prone to the long branch attraction artifact, the
quartets with long branches were excluded from our analyses (see

Table 2. Simulation results: Number of data sets that conflict with the plurality signal at different cutoff levels, at 80% bootstrap support

Number of genes

Number of with history of Number of false Number of false Number of false Number of false
Simulation set core genes disruptive HGTs positives, 0%? positives, 30%? negatives, 0%? negatives, 30%?
Set #1, no HGT 620 0 277 31 N/A N/A
Set #2 623 425 101 10 101 284
Set #3 621 251 171 16 52 173

“Percentage refers to minimum percent of data sets resolving the quartet.
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Figure 2. Quartet decomposition analysis of cyanobacteria. Panel A illustrates a component of quartet decomposition analysis. Each embedded
quartet is represented by a vertical bar and a black dot. The black dot indicates how many data sets contain this embedded quartet. The vertical bar
shows the number of data sets having the topology of the quartet that is supported by a plurality of gene families (value above zero) and the number
of data sets having one of the other two quartet topologies (value below zero). The bar is color-coded with respect to bootstrap support. Only quartets
that resolve the quartet relationships in at least 30% of analyzed data sets are visualized. The value of 30% was chosen based on simulations (see text
for details). Panel B shows the quartet spectrum of 1128 sets of orthologous genes from cyanobacteria. Columns are sorted according to the number
of supporting data sets with at least 80% bootstrap support. Quartets with a very short internal branch or very long external branches were excluded
from the analyses to minimize artifacts of phylogenetic reconstruction. Quartets above the x-axis are combined into a plurality signal (see Fig. 3 and text
for more details). Quartets below the x-axis are embedded into 685 unique sets of orthologous genes. The appearance of discontinuities in the
spectrogram corresponds to the uneven phylogenetic distances among 11 analyzed genomes. For example, quartets containing two very closely related

taxa (such as the ones containing both Nostoc and Anabaena) will almost unanimously agree on one of three possible quartet topologies.

above). Interestingly, the relationship among these four genomes
captured by the plurality of gene families supports neither the
relationship inferred from phylogenetic analyses of 16S rRNA
(e.g., Ting et al. 2002; Dufresne et al. 2005), nor the grouping
based on proposed ecotypes (Ting et al. 2002; Rocap et al. 2003).
This can be explained by rampant gene flow among these ge-
nomes, with the plurality consensus no longer reflecting ecotype
physiology. Notably, the majority of observed conflicts with the
plurality occur between the two low-light-adapted ecotypes (see
Fig. 3).

Transfers between cyanobacteria and other phyla

Quartet decomposition analysis only detects conflicts within the
group of analyzed genomes. However, observed conflicts could
be instances of incongruence produced by transfers from outside
of cyanobacteria into only one or a few cyanobacterial lineages.
To correct for this and to estimate the number of transfers that
occurred between the cyanobacteria and organisms from other
phyla, we added homologous genes from other completely se-

quenced genomes spanning Bacterial and Archaeal domains.
Phylogenetic analysis of such “extended data sets” identifies pu-
tative instances of horizontal gene transfer from/to the cyano-
bacteria.

Out of 1128 data sets, 879 had detectable homologs in se-
lected prokaryotic genomes, and the remaining 249 data sets
were “cyanobacteria-specific” (and therefore not suitable for es-
timation of interphylum transfers). Seven hundred of these 879
data sets were “phylogenetically useful,” that is, were sufficiently
resolved and either had cyanobacteria as a coherent group with
80% bootstrap support or had other taxa grouping within cya-
nobacteria at 80% bootstrap support. Of these 700 data sets, 540
support cyanobacteria as a coherent group (~77%), while 160
data sets (~23%) either have sequences from other taxa inter-
spersed among cyanobacteria or some cyanobacterial sequences
grouping somewhere else, suggesting possible transfer events to
or from cyanobacteria (an example of such a data set is shown in
Fig. 5, and additional examples are available as Supplemental
material). Interestingly, 294 out of 540 data sets that support
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Figure 3. Visualization of the evolutionary history of cyanobacteria as
inferred from quartet decomposition analyses. The unrooted tree topol-
ogy was calculated from the embedded quartets supported by the plu-
rality of sets of orthologous genes, and it is shown in black. Conflicts to
the plurality topology that involve two particular taxa grouping together
with at least 80% bootstrap support are shown as gray lines connecting
two taxa in conflict. The number of conflicting data sets that have the two
connected taxa grouping together are shown on the corresponding gray
line. Note that the number of conflicting sets shown represents only a
small subset of observed conflicts to the plurality signal, since not all
topological incongruencies are of this kind. The genes involved in con-
flicts, as well as corresponding topologies, are provided as Supplemental
material. (A) Anabaena sp. PCC7120; (Tr) Trichodesmium erythraeum
IMS101; (S) Synechocystis sp. PCC6803; (1P) Prochlorococcus marinus
CCMP1375; (2P) Prochlorococcus marinus MED4; (3P) Prochlorococcus
marinus MIT9313; (mS) marine Synechococcus WH8102; (Th) Thermosy-
nechococcus elongatus BP-1; (G) Gloeobacter violaceus PCC7421; (N) Nos-
toc punctiforme ATCC29133; (C) Crocosphaera watsonii WH8501.

cyanobacteria as a monophyletic group (54%, or 42% of the 700
phylogenetically useful data sets) conflict with the plurality con-
sensus based on the quartet decomposition analyses (see above).
This estimation suggests that there are more conflicts observed
within cyanobacteria than between cyanobacteria and other
phyla.

Distribution of genes among functional categories

We looked at the distribution of all analyzed cyanobacterial gene
families, as well as the distribution of gene families present in
extended data sets, across functional categories as defined in the
COG database (see Figs. 6 and 7). Functional category analysis of
cyanobacterial data sets conflicting with the plurality signal
shows that genes from all functional categories are among the
contlicting genes (see Fig. 6), including genes from information
storage and processing categories (categories J and K, according
to the COG database abbreviations) (Tatusov et al. 2003). How-
ever, when we analyzed the distribution of extended data sets
across functional categories (see Fig. 7), we found that in inter-
phylum transfers, metabolic genes are overrepresented, and “in-
formation storage and processing” genes are underrepresented.

Discussion

Several recent studies attempt to estimate the number of HGT
events at different taxonomic levels (e.g., Snel et al. 2002; Lerat et
al. 2003; Mirkin et al. 2003; Beiko et al. 2005; Ge et al. 2005;
Kunin et al. 2005). In some, investigators were only interested in
the transfer of novel genes into genomes (Snel et al. 2002; Mirkin
et al. 2003; Kunin et al. 2005), thus neglecting orthologous re-
placement, and underestimating the total number of transfer
events among genomes of interest. In others, addressing ortholo-
gous replacement, investigators have limited themselves to
analyses of very strictly defined (ubiquitous) core genes (Lerat et
al. 2003; Ge et al. 2005), also underestimating the total number
of horizontally transferred genes. In studies of either sort, con-

marine Synechococcus

Prochlorococcus MIT9313

98 ' Prochlorococcus CCMP1375

Prochlorococcus MED4
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R
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Figure 4. Example of intraphylum transfer: a hemolysin-like protein.
This example of horizontal gene transfer was extracted from the list of
data sets exhibiting conflicts with the plurality signal. This gene family has
detectable homologs in other phyla, but phylogenetic analysis of an ex-
tended data set shows that cyanobacteria form a coherent phylogenetic
group. Interestingly, in cyanobacteria this protein seems to have acquired
a different function (Nagai et al. 2001). This suggests that this protein is
probably not being exchanged with the organisms outside of cyanobac-
teria, which makes it a good example of intraphylum transfer. In this
phylogeny Thermosynechococcus and Crocosphaera are sister taxa, which
contradicts the relationships observed in the plurality tree. The arrow
indicates placement of the Thermosynechococcus sequences in the con-
sensus tree. The tree topology and branch lengths were calculated in
PhyML (Guindon and Gascuel 2003) under the JTT+Gamma model. The
bootstrap support values are from TREE-PUZZLE + NEIGHBOR phyloge-
netic analyses as described in Methods. Only bootstrap support values
above 80% are shown. Additional examples of putative intraphylum
transfers are available in the Supplemental material.
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Table 3. Photosynthesis genes that are observed to conflict with
the plurality signal

Photosystem | core protein A1, psaA

Photosystem | core protein A2, psaB

Photosystem | iron-sulfur protein subunit VI, psaC
Photosystem | reaction center subunit Il, psaD
Photosystem | subunit IV, psaE

Photosystem Il CP47 protein, psbB

Photosystem Il CP43 protein, psbC

Photosystem Il reaction center D2 protein, psbD
Photosystem Il psbH protein

Photosystem Il manganese-stabilizing protein, psbO
Plastoquinol-plastocyanin reductase, petC
Ferredoxin, petF

sensus trees derived from bootstrap or posterior probability
analyses, or trees based on concatenated data sets have been used
as references against which to assess HGT. The former are often
only partially resolved (e.g., as in Snel et al. 2002) and thus pre-
clude detection of many phylogenetic conflicts, while the latter,
as commonly used, entail the assumption that most genes do
have a single history. For instance, Lerat et al. (2003) assume that
individual data sets that do not statistically reject a tree based on
their concatenated sequences have not experienced HGT when,
in fact, their weak phylogenetic signals are compatible with
many conflicting topologies (Bapteste et al. 2004).

To avoid such problems, we make an a priori assumption
that individual sets of orthologous genes may not have to have
the same evolutionary history, and therefore are not suitable for
concatenation. Quartet decomposition analyses also avoid the
“averaging” effect of consensus trees, since they partition trees
inferred for each bootstrapped sample into sets of possible em-
bedded quartets, and allow summarizing data sets with varying
numbers of taxa in a single diagram (Fig. 2). In addition, the
quartet decomposition method represents an improvement over
methods that rely on analyses of bipartitions, since the support
values for individual embedded quartets do not decay when the
internal branches become shorter because of more sequences be-
ing included in the analysis.

While a majority of analyzed extended data sets (~77%) sup-
port coherence (monophyly) of cyanobacteria, some do not, and
we find significant conflicting phylogenetic signals within cya-
nobacteria (~61% of analyzed data sets). Such conflicts could be
caused by (1) instances of horizontally transferred genes; (2) dif-
ferentially lost paralogs, which are impossible to discriminate
from transfer events; (3) systematic artifacts of phylogenetic re-
construction (e.g., long branch attraction, compositional biases,
or biases introduced through wrong models of phylogenetic re-
construction); and (4) false positives caused by insufficient phy-
logenetic signal. All analyses based on phylogenetic inference
face these problems (Gogarten and Townsend 2005), and we took
necessary precautions to minimize their impact on our genome-
wide analyses (see Results for more details). Indeed, our simula-
tion studies suggest that our screening approach is conservative,
and likely to result in underestimating the extent of HGT. No
doubt, among the observed conflicts are instances of real transfer
events. For example, we observe conflicting signals in genes that
are found in phages (see Table 3 and Lindell et al. 2004; Millard
et al. 2004; Sullivan et al. 2005; Zeidner et al. 2005), and therefore
are very probable candidates for HGT. (At the same time, our
simulation study shows how frequently false positives arise, and
casts a shadow on the reliability of phylogenetic reconstruction
in general.)

False negatives are also inevitable. Transfers between sister
taxa are undetectable, as will be many from unsequenced donors
with no sequenced close relatives. Simulations confirm that
many transfers escape detection (Table 2), probably because of
the causes mentioned above. Thus, the number of detected trans-
fers in cyanobacteria that we report here should, indeed, be con-
sidered an underestimate.

Although a majority of our data sets conflict with the plu-
rality signal, all plurality quartets are compatible with a single
fully resolved phylogenetic tree (see Fig. 3). Does the plurality
topology reflect an “organismal phylogeny”? Gary Olsen has sug-
gested a rope metaphor to illustrate the evolution of organisms
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Figure 5. Example of horizontal gene transfer to cyanobacteria: threo-
nyl tRNA synthetase. This is a phylogenetic tree reconstructed from a data
set in which the Anabaena sp. genome did not have a detectable homo-
log in its annotation. In this tree, sequences of three Prochlorococcus spp.
group within Gamma-proteobacteria with high bootstrap support. The
presence of an ancestrally transferred gene constitutes a shared derived
character for the descendents (Andersson et al. 2005; Huang et al. 2005),
suggesting that the three Prochlorococcus spp. form a monophyletic
group. Note that despite coherency of the remaining cyanobacteria as a
group, the relationships within cyanobacteria do not follow the plurality
topology. tRNA synthetases are known to have complex evolutionary
histories involving multiple HGT events (e.g., Wolf et al. 1999). Cyano-
bacteria are shown in bold. To obtain bootstrap support values, a con-
sensus tree was generated from 100 bootstrap sampled trees (see Meth-
ods for more details). Only bootstrap support values above 80% are
shown. Additional examples of interphylum transfers are available in the
Supplemental material.
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Figure 6. Distribution of cyanobacterial sets of orthologous genes
across functional categories. The functional categories are according to
the COG database, March 2003 release (Tatusov et al. 2003). Panel A
shows the distribution of all 1128 analyzed genes, while panel B shows
the distribution of 685 genes that conflict with the plurality signal. Con-
flicts with the plurality signal are observed in sets of orthologs across all
functional categories, including genes involved in translation and tran-
scription, and no particular functional category shows bias toward conflicts.

and their genes (cited in Zhaxybayeva et al. 2004). The rope (rep-
resenting an organismal lineage) has continuity despite the fact
that no individual rope fiber (representing genes) persists
throughout the entire rope. Using this metaphor, we might de-
fine the organismal lineage as that determined by the plurality of
genes passed on over short time intervals. While this metaphor
yields a theoretical definition of organismal lineage, it is not clear
that the organismal lineage always can be reconstructed from the
character of the individual fibers (genes).

Given this definition of organismal lineage, our plurality
topology can be interpreted as a snapshot of relationships among
extant cyanobacterial lineages. However, the picture is incom-
plete without providing information about observed conflicts to
the plurality signal. Figure 3 depicts 135 conflicts observed be-
tween the tips of the plurality topology. This accounts only for a
subset of all 685 observed conflicts, since the majority of trans-
fers, deeper in the tree, affect the positions of multiple taxa.

The relationships recovered for the Prochlorococcus/
Synechococcus group point toward extensive gene flow between
well-characterized groups of organisms.

The three Prochlorococcus marinus strains A

share many derived characteristics in-
cluding cell shape, environment, type of
antenna pigments (Partensky et al.
1999), and a distinctive threonyl tRNA
synthetase likely acquired by HGT (Fig.
5). These synapomorphies notwith-
standing, the plurality signal recovered
from our analysis and the analysis by
Beiko et al. (2005) group one of the P.
marinus strains as sister taxon to a ma-
rine Synechococcus. These conflicting
phylogenetic signals reveal a fuzzy spe-
cies boundary that was postulated for
prokaryotes (Lawrence 2002): under this
model, only the neighborhood of genes

conferring ecological distinctiveness is expected to conform to
the biological species concept, whereas other genes recombine
freely across the species boundary. However, fuzzy species
boundaries are also found in eukaryotes without post-mating
barriers. For example, in incipient species of Darwin’s finches,
frequent introgression can make some individuals characterized
as belonging to the same species by morphology and mating
behavior genetically more similar to a sister species (Grant et al.
2004).

Distribution of genes across functional categories shows that
genes from all functional categories are transferred (see Figs. 6
and 7). We do not see a bias toward any biological function
among the intraphylum HGT events (see Fig. 6), contradicting a
recent report by Nakamura et al. (2004) and the complexity hy-
pothesis (Jain et al. 1999).

The fact that we detect that ~50% of extended gene families
putatively have a history of HGT (either between cyanobacteria
and other phyla, or within cyanobacteria, or both) suggests that
HGT plays an important role in the evolution of cyanobacteria,
and the relationships among the taxa of this phylogenetic group
cannot be represented by a strictly bifurcating tree. We find more
conflicts within cyanobacteria than between cyanobacteria and
other phyla, as did Beiko et al. (2005), using different methods of
gene family selection, phylogenetic reconstruction, and HGT
identification. Thus, our results are compatible with the hypoth-
esis that HGT can reinforce coherence of a phylogenetic group.

Nevertheless, cyanobacteria are far from a fully coherent
group (all genes supporting monophyly). Twenty-three percent
of the 700 data sets for which monophyly was tested failed the
test, showing non-cyanobacteria within the cyanobacterial clade,
or cyanobacteria embedded within other phyla. Interestingly,
even among those genes supporting cyanobacterial monophyly,
a majority showed evidence of HGT within the cyanobacteria.

Methods

Quartet decomposition analyses

We analyzed 11 cyanobacterial genomes from NCBI and JGI da-
tabases: Anabaena sp. PCC7120, Trichodesmium erythraeum
IMS101, Synechocystis sp. PCC6803, Prochlorococcus marinus
CCMP1375 (also known as SS120), Prochlorococcus marinus MED4
(also known as CCMP1986), Prochlorococcus marinus MIT9313,
marine Synechococcus WH8102, Thermosynechococcus elongatus
BP-1, Gloeobacter violaceus PCC7421, Nostoc punctiforme

- INFORMATION STORAGE AND PROCESSING

- CELLULAR PROCESSES AND SIGNALING

l:' METABOLISM

POORLY CHARACTERIZED

Figure 7. Distribution of phylogenetically useful extended genes across functional categories. Panel
A shows the distribution of 700 phylogenetically useful extended data sets. Panel B shows the distri-
bution of 160 sets where cyanobacteria do not form a monophyletic group (putative interphylum
transfers). Panel C shows the distribution of 294 sets where cyanobacteria form a monophyletic group,
but they conflict with the plurality signal (putative intraphylum transfers). Numbers inside the pie
graphs refer to the number of sets of orthologous genes in each corresponding functional category.
Across short phylogenetic distances, all types of genes appear to be equally affected by transfer, while
across large phylogenetic distances, genes encoding metabolic functions are more frequently trans-
ferred, and genes in transcription and translation are transferred less frequently.
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ATCC29133, and Crocosphaera watsonii WH8501. We detected
sets of orthologous protein-coding genes defined as mutual fully
transitive reciprocal BLASTP (Altschul et al. 1997) hits (with E-
value below 10~%) (see Zhaxybayeva and Gogarten 2002 for
methodology). There are 3804 genes present in at least four of the
genomes (see Table 1). In the analyses of the “relaxed core” pre-
sented, we used the 1128 genes present in at least nine of the
genomes. Fach data set was aligned using the CLUSTALW pro-
gram version 1.83 (Thompson et al. 1994). For each data set, the
shape parameter for a I' distribution to approximate among-site
rate variation (Yang 1994) was estimated using TREE-PUZZLE ver-
sion 5.2 (Schmidt et al. 2002) with four discrete categories. One
hundred bootstrap samples were generated using the SEQBOOT
program from PHYLIP package version 3.6 (Felsenstein 1993),
and for each bootstrap sample, a distance matrix was calculated
using TREE-PUZZLE version 5.2 with the shape parameter set as
estimated for the original data set. Phylogenetic trees from the
distance matrices were calculated with the NEIGHBOR program
from the PHYLIP package version 3.6 (Felsenstein 1993). For each
data set of orthologous genes, we generated a list of embedded
quartets (i.e., all possible combinations of four taxa contained in
the data set). For each embedded quartet in each data set the
bootstrap support vector was calculated, that is, the bootstrap
support for each of the three alternative quartet topologies (see
Zhaxybayeva and Gogarten 2003 for methodology and discus-
sion of advantages of embedded quartet analyses). False infer-
ences were screened as described in Results, and quartets with at
least 80% bootstrap support for one of three possible unrooted
tree topologies were summarized in a quartet spectrum diagram
(see Fig. 2).

Plurality signal reconstruction

Quartet topologies that were supported by a plurality of data sets
were used to reconstruct a supertree using the “matrix represen-
tation using parsimony” (MRP) method (Baum 1992; Ragan
1992) as implemented in Clann version 2.0.2 (Creevey and McIn-
erney 2005). The resulting matrix was analyzed in PAUP* version
4.0betal0 (Swofford 1998) using an exhaustive tree space search
to find the most parsimonious tree.

Functional category assignments

Functional categories were assigned to sets of orthologous genes
by performing BLASTP searches of the COG database, March
2003 release (Tatusov et al. 2003), choosing the category of the
top-scoring BLAST hit.

Simulations

We performed simulations of genome evolution using EvolSimu-
lator (http://bioinformatics.org.au/evolsim/). Seven hundred
genes were simulated for 10,000 generations in a dynamic popu-
lation of genomes, with speciation balancing extinction (at a
nominal rate of 0.015 events per generation) to maintain ~50
extant lineages at any given time following a brief initial phase of
population growth. Disabling paralogous duplication as well as
gene loss, each genome maintained exactly 700 genes whose or-
thology could thus be perfectly tracked. Parameters affecting se-
quence evolution were selected to reproduce a level of sequence
divergence similar to that observed in the breadth of the cyano-
bacterial phylum. These parameters control mutation rates and bi-
ases at the gene and genome level, as well as per-residue substitu-
tion acceptabilities of the resulting proteins in a model that will
be described elsewhere (R.G. Beiko and R.L. Charlebois, unpubl.).

In simulations to estimate false positives, no HGT was al-
lowed. We selected 11 out of the 50 simulated genomes and

performed the quartet decomposition analysis as described
above. In addition, the same analysis was performed but using
phylogenetic trees calculated instead with the PhyML program,
version 2.4.4 (Guindon and Gascuel 2003).

To estimate false negatives (i.e., instances of HGT that are
not detected), the second and third sets of simulations were con-
ducted using the same parameters, but permitting relations-
biased HGT (more transfer among more recently diverged ge-
nomes), at one of two rates (nominally 1.0 event per generation,
and nominally 0.5 events, respectively, within the entire popu-
lation). Each of the resulting 50 genomes had ~22%-25% of
genes with a history of HGT in the one simulation, and 11%-13%
of genes with a history of HGT in the other simulation. We se-
lected the same 11 genomes and performed the quartet decom-
position analysis as described above. Since not every family that
had a history of HGT during a simulation would have an impact
on the phylogeny of the subset of 11 genomes used in the analy-
sis, we corrected the number of genes with a history of transfer
only to include those whose history could cause phylogenetic
incongruities in the 11-taxon subtree.

Extended data sets analyses

We added homologous sequences from 168 sequenced genomes
(the list of genomes is available as Supplemental material) to each
cyanobacterial data set by performing BLASTP searches and keep-
ing the top-scoring hits for each cyanobacterial sequence in a
data set with E-values below 10~2°. Sequences within an ex-
tended data set (other than cyanobacterial) with 99% or higher
identity at the amino acid level were excluded from further
analyses (to reduce the size of an extended data set). The ex-
tended data sets were aligned using CLUSTALW version 1.83
(Thompson et al. 1994). Sites in which at least 50% of the taxa
had a gap were removed. The shape parameter o for the I' distri-
bution was estimated using TREE-PUZZLE version 5.2 (Schmidt et
al. 2002). One hundred bootstrap samples were generated for
each extended data set using SEQBOOT from the PHYLIP pack-
age. For each bootstrap sample, a distance matrix was calculated
in TREE-PUZZLE (Schmidt et al. 2002) using discrete approxima-
tion of the I'" distribution with four categories and with a pre-
calculated value of the shape parameter «. Using these maximum
likelihood distances, phylogenetic trees were calculated with the
NEIGHBOR program of the PHYLIP package. Data sets were di-
vided into three categories based on the topologies of corre-
sponding phylogenetic trees: (1) cyanobacteria form a monophy-
letic group with at least 80% bootstrap support; (2) other taxa
intersperse with cyanobacteria with at least 80% bootstrap sup-
port; (3) insufficiently resolved to support either of the above.
The latter were considered phylogenetically uninformative and
were excluded from further analyses.

Other software used

Most of the scripts for data analyses were written in Perl and Java
(the scripts are available as Supplemental material). Java pro-
grams utilized the PAL library (Drummond and Strimmer 2001).
The sets of orthologous genes were detected with the help of a
MySQL database (http://www.mysql.com). Quartet spectra were
plotted using GnuPlot (http://www.gnuplot.info). Combinations
of M out of N taxa were generated using Chase’s combinatorial
algorithm (Chase 1970).
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