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Explaining the diversity of gene repertoires has been a major problem in modern evolutionary biology. In eukaryotes,
this diversity is believed to result mainly from gene duplication and loss, but in prokaryotes, lateral gene transfer (LGT)
can also contribute substantially to genome contents. To determine the histories of gene inventories, we conducted an
exhaustive analysis of gene phylogenies for all gene families in a widely sampled group, the y-Proteobacteria. We
show that, although these bacterial genomes display striking differences in gene repertoires, most gene families
having representatives in several species have congruent histories. Other than the few vast multigene families, gene
duplication has contributed relatively little to the contents of these genomes; instead, LGT, over time, provides most of
the diversity in genomic repertoires. Most such acquired genes are lost, but the majority of those that persist in
genomes are transmitted strictly vertically. Although our analyses are limited to the y-Proteobacteria, these results
resolve a long-standing paradox—i.e., the ability to make robust phylogenetic inferences in light of substantial LGT.
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Introduction

The complexity and coordination of cellular functions are
remarkable in view of the disparate histories of the genes that
make up contemporary genomes. In eukaryotes, new genes
arise primarily through the duplication of existing genes
[1,2,3,4], while some ancestral genes are inactivated or
eliminated over time. In contrast, prokaryotic genomes
undergo substantial rates of gene acquisition from foreign
sources [5], as well as duplication and loss of existing genes.
Thus, if we consider the gene repertoire of a particular
bacterial cell, some genes have been transmitted vertically for
very long periods of time, perhaps from the time of the
common ancestor of all cellular life-forms, whereas other
genes were acquired or generated at various points in the
history of the lineage, including some very recently.

Although the role of vertical transmission and horizontal
transfer are both well documented, as yet, we have no
comprehensive, quantitative picture of the genome-wide
history of gene gain and loss over time for any particular
prokaryotic group. The availability of many complete
genome sequences of bacteria presents the possibility of
tracing the history of individual genes within evolving
lineages by identifying the points at which genes originate
through acquisition or duplication, and the points at which
genes are lost. The resulting picture would address several
outstanding questions and paradoxes concerning bacterial
genomes. For example, if there is a robust estimate of the cell
(or organismal) phylogeny for a set of lineages, can we
identify the events of gene acquisition, duplication, and loss
that lead to the current gene repertoires of individual cells? Is
the incidence of gene acquisition ongoing or episodic, and do
acquired genes come from very close relatives or from distant
sources? Of acquired genes, what types and what proportion
become permanently installed within descendant genomes,
and which are lost?

It is clear that gene duplication, gene loss, and gene transfer
all impact bacterial genomes; but the relative contributions of
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each remain controversial [6,7,8,9,10,11,12,18]. The situation
is confounded by the fact that, in bacteria, the presence of two
or more homologous sequences within a single genome might
reflect the acquisition of a gene copy from a foreign source
rather than the duplication of a resident gene. In the absence
of further analysis, such homologs cannot be confidently
described as paralogs (or duplicates) [14] or as xenologs
(acquired via horizontal transfer) [15], and we propose the
term “synologs” as an agnostic name for homologs within a
genome arising from either process. Distinguishing the
origins of synologs within genomes allows both the accurate
dissection of gene families and the full reconstruction of
events responsible for the contents of cellular genomes.
Here we investigate the full protein-coding gene reper-
toires within the y-Proteobacteria, a group chosen because
the large number of fully sequenced genomes, combined with
their well-supported phylogenetic relationships, allows us to
trace the origins of new genes in organisms that differ widely
in their gene inventories (ranging from 564 protein-coding
genes in Buchnera aphidicola to 5,540 in Pseudomonas aeruginosa)
[16]. This group is an ancient bacterial phylum, at least
several hundreds of million years old, based on the sequence
divergence within the group [17] and on its containing at least
one ancient subclade (Buchnera) that has cospeciated with
hosts for over 100 million years. Available genome sequences
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include species displaying diversified lifestyles and subject to
varying degrees of gene acquisition [5,6,18,19,20].

By assessing the history of every gene family, we find that
gene acquisition is a major factor contributing to genomic
diversity of these bacteria, but that, paradoxically, they rarely
exchange genes. In addition, duplication appears to have
played a secondary role in the evolution of gene repertoires,
as multigene families are scarce and a substantial fraction of
the genetic redundancy observed in genomes is better
explained by gene acquisition from a distant source. These
results support the view that bacterial genomes evolve mainly
by incorporation of completely novel genes rather than by
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intragenomic duplication or by replacement of resident
genes with distant homologs.

Results

Having defined all gene families of homologs present in 13
sequenced y-proteobacterial genomes [16], we partitioned
them according to their distribution among species and their
incidence of synology. We examined the congruence of each
of these families with the organismal phylogeny using
maximum-likelihood (ML) tests, and we provide two estimates
(one stringent and one permissive) of the number of lateral
gene transfers (LGTs) found in these families (Figure 1).
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Figure 1. Distribution of Gene Families and Occurrence of LGT in y-Proteobacteria

(A) Numbers of species and numbers of synologs corresponding to the 14,158 gene families. Single-copy gene families (red bars) comprise the
large majority of the families. The numbers of families in categories exceeding 300 members are displayed on top.

(B) Losses required to reconcile gene distribution with organismal phylogeny [16] for gene families represented in fewer than six species. For
each family, we inferred an initial acquisition event in the most recent ancestor of the species containing a gene from the family and tallied the
minimum number of independent events of loss required to explain the phylogenetic distribution. Most distributions can be explained without
invoking multiple gene losses, supporting the hypothesis of a single acquisition.

(C) Percentage of families containing fewer than three synologs (# gene copies —# genomes = 0, 1, or 2) showing evidence of LGT by the method
described in Lerat et al. [16] and Figure 2. Boxes represent the conservative estimate of LGT and dashed bars represent the corresponding
permissive estimate (see text). For families containing additional synologs (white bars), it was not practical to apply the same method; instead, we
built neighbor-joining trees (see Materials and Methods).

DOI: 10.1371/journal.pbio.0030130.g001
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Single-Copy Genes

Among single-copy genes present in six to 12 genomes
(Figure 1A: red bars in categories 6-12), 1%-5% display
statistically supported incongruence with the organismal
phylogeny (red bars, Figure 1C), a low incidence in view of
the high frequency of acquired genes in some of these
genomes. The more permissive estimates (dashed lines in
Figure 1C) imply that up to 15% of these families with no
synologs may have experienced LGT. This low rate of LGT in
gene families not universally distributed was statistically
indistinguishable from that of genes present in all 13
genomes ( test, p > 0.1). The absence of these gene families
from one or more genomes could result either from presence
in the ancestor followed by loss in some lineages, or from
absence in the ancestor followed by acquisition from a distant
source in a descendant lineage. Although this implies ongoing
loss and acquisition of genes, our results indicate that even
genes initially acquired from distant sources are rarely
transferred subsequently among lineages of y-Proteobacteria.

Occurrence and Source of Synology in Bacterial Genomes

The sizes of gene and protein families in bacterial genomes
have previously been shown to follow a power law distribu-
tion [21,22,23,24]. Within the y-Proteobacteria, we find that,
overall, very few gene families contain synologs, as evident in
the low frequencies of families in which members outnumber
genomes (Figure 1A). When present, synology might be
expected to be associated with LGT, given that gene
acquisition is itself a possible source of synologs within a
genome. Applying tests of phylogenetic congruence to
distinguish between intragenomic duplication and LGT
(Figure 2), our stringent estimate is that LGT can be
implicated as the cause of synology in 22% (51) of the 231
families in which gene copies outnumber genomes by one or
two. In families with one or two synologs, LGT occurs at
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significantly higher frequencies than in families of similar
species distribution but lacking synologs in both the stringent
and permissive tests (p < 0.0001; see Figure 1C). This
difference between the amount of LGT in families with and
without synologs was also found to be significant using the
more permissive estimates of LGT. In only 3% of the 231
families was the conflict with the organismal phylogeny not
confined to synologs (see last column in Figure 2) and more
readily explained as due to a gene transfer elsewhere in the
tree. Hence, most of the incongruence observed in families
containing synologs can be explained by a single transfer
event of a gene for which a homolog was already present in
the recipient genome. In Table 1, the proportion of gene
families showing evidence for LGT is classified according to
their functional categories. Most families are of unknown
function (and are listed as “hypothetical proteins”); however,
several have been assigned to broad functional categories,
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such as “energy metabolism,” “cellular processes,” “transport
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and binding proteins,” and “amino acid biosynthesis.”

For families with larger numbers of synologs, the direct
comparison of gene trees with the reference topology also
indicates high levels of LGT (up to 60%), although its
inference is less definite due to uncertainties in reconstruct-
ing complex histories of multiple gene gains and losses.
Families with three or more synologs are few in number
(<2% of the 14,158 families) but include some instances of
ancient gene duplication preceding the diversification of
lineages.

Phylogenetic Signal and the Evidence for Vertical
Inheritance

In tests for phylogenetic congruence, alignments that do
not reject the reference organismal phylogeny are usually
interpreted as reflecting vertical inheritance. However, such
results, that is, the absence of a significant difference from the
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Figure 2. Testing for LGT and Duplication as Sources of Synology

The illustrated case is for families with a single synolog, that is, in which one genome contains two gene copies. We tested two alignments, each
retaining one of the two copies (red or blue), against the reference organismal phylogeny [16]. When both alignments agreed with the reference
tree (+H), the synology could be attributed to recent intragenomic duplication, whereas in cases of phylogenetic incongruence of one of the
alignments (+— or —H), LGT of one synolog was invoked. If both alignments rejected the reference tree (), the family was considered as
containing one or several LGT events. Tests of LGT were conducted similarly for families with an additional synolog (one genome with three
synologs or two genomes each with two synologs). In such cases, each possible alignment containing a single copy per genome was tested. In
addition to these tests, all family trees were inspected to confirm diagnoses of LGT.

DOI: 10.1371/journal.pbio.0030130.g002
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Table 1. Numbers of Gene Families Showing Evidence for LGT

Functional Categories Number of Species Total
6 7 8 9 10 11 12 13

Amino acid biosynthesis 1(1) 0(2) 3(4) 0(3) 2 (4) 2(2) 0 (1) 8(17)
Biosynthesis of cofactors, prosthetic groups, and carriers 0(1) 0(1) 2(3) 2(3) 1(1) 2(2) 7(11)
Cell envelope 1(1) 1(1) 1(2) 2 (3) 1) 0 (2) 6 (12)
Cellular processes 0(2) 2(2) 7 (8) 1(2) 15 (16) 1(1) 1(1) 3(5 30 37)
Central intermediary metabolism 2 (3) 1(1) 2(2) 0(2) 1(1) 2(3) 1(1) 0(2) 9 (15)
DNA metabolism 0 (1) 0 (1) 0(2) 1(3) 2 (6) 3(13)
Energy metabolism 1(5) 7 (8) 6 (6) 34 5@ 4 (4) 0(3) 1(4) 27 (41)
Fatty acid and phospholipid metabolism 0(1) 0(1) 1) 0(1) 1(1) 2(6)

Hypothetical proteins 6 (8) 9 (14) 9 (15) 8 (13) 3(8) 2 (6) 1(4) 02 38 (70)
Protein fate 1(1) 1(3) 1(2) 1(1) 0(1) 1(6) 5(14)
Protein synthesis 0 (1) 109 1(10)
Purines, pyrimidines, nucleosides, and nucleotides 1(1) 0(1) 2 (3) 0(2) 3(7)

Regulatory functions 3 (4) 2 (2 0 (1) 5(7)

Transcription 0 0(2 0(3)

Transport and binding proteins 2 (4) 3 (6) 3 (6) 2 (3) 2 (2) 2 (3) 14 (24)

Viral functions

1(1) (M

Numbers represent the conservative (and permissive) estimates of gene families showing evidence for LGT.
DOI: 10.1371/journal.pbio.0030130.t001

reference topology, can also be caused by phylogenetically
uninformative alignments. Such problems are most likely for
extremely divergent sequences, for which alignment and
phylogenetic inference procedures are prone to failure, or
for very short sequences, which may lack sufficient numbers
of informative sites. Our gene families were constructed so as
to exclude extremely divergent sequences, leaving the
possibility that short genes are the most problematic ones.
But, in our tests, there was no significant difference (p > 0.2)
in the incidence of LGT among genes of different size
categories, implying that lack of sufficient information was
not a primary reason for failing to reject the reference
topology. Furthermore, to explain the result whereby families
with synologs display more LGT than those without, one
would need to hypothesize that the lack of phylogenetic
signal is restricted to families without synologs. However, the
difference in the frequency of LGT between the families with
and without synologs remains evident in each of the size
categories (see Figure 1C). Cumulatively, these analyses
indicate that our tests of phylogenetic incongruence have
sufficient signal to infer vertical inheritance and are not
affected by gene size.

Genes with Very Limited Phylogenetic Distributions
About half of the gene families (7,655 of 14,158; Figure 1A)
contain a single member confined to a single genome. The
fraction of these genes in a genome varies as a function of the
local phylogenetic sampling (from <5% in Yersinia pestis
CO92 to 40% in Pseudomonas) and of the evolutionary
constraints on a genome (with few such genes in the highly
reduced genomes of the endosymbionts Buchnera and
Wigglesworthia). Two reasons may account for the exclusion
of these genes from other families: first is the possibility that
the threshold for delineating families was too restrictive and
did not allow inclusion of distant homologs. In this case, there
is a chance that a very quickly evolving gene might be
assigned to its own, single-member family. Alternatively,
genes that are unique to genomes may represent recent
acquisitions from distant sources outside of the y-Proteobac-
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teria. To discriminate between these situations, we conducted
a blastp search on each of the unassigned proteins that were
confined to one y-proteobacterial genome on the database
containing all proteins present in sequenced bacterial
genomes (EMGLib release 5 [25]).

This analysis, in which the cutoff for protein matches is
based on e-values rather than on an empirically determined
percentage of the maximal bit score, provided evidence that
the majority of the single-member gene families within -
proteobacterial genomes could be attributed to LGT. Only
17.5% of the proteins unique to a single genome had matches
in other y-proteobacterial genomes. These potentially repre-
sent quickly evolving genes that were originally excluded
from protein families because of insufficient similarity. In
contrast, 40% of the unique proteins gave hits in organisms
outside of the y-Proteobacteria, a distribution that will most
likely arise by LGT between distantly related lineages. The
remaining 42.5% of the single-member gene families corre-
spond to orphan open reading frames (ORFans), that is, genes
that have no homologs in the current databases.

Alternatively, this last category could result from the
misannotation of genome sequences. However, a recent study
of ORFans in Escherichia coli demonstrated that most encode
functional proteins [26]. ORFan genes tend to be short and
enriched in A/T nucleotides when compared to the rest of the
genome, features that suggest that they originated in parasitic
elements, such as bacteriophages [26]. An analysis of the base
composition of the sets of unique genes in the y-Proteobac-
teria demonstrate that in all genomes (with the exceptions of
Buchnera, Wigglesworthia, and Haemophilus, each possessing few,
if any, unique genes), ORFans are significantly biased toward
A+T at the third codon positions when compared with other
genes in the genome (averaging a 5% difference in A+T
contents; p < 0.05). This result is consistent with the
hypothesis that these genes, which have no matches in
current databases, have been recently acquired from bacter-
iophages, whose diversity is largely unsampled and unknown
[27]. Therefore, the prevalence of gene families restricted to
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one or a few genomes (Figure 1A) supports gene acquisition
as a principal source of new genes in this group of bacteria.

For families containing single members in four or five
genomes, ML tests supported phylogenetic congruence for
nearly 100% of cases (results not shown). However, this high
degree of congruence could reflect, in part, the large number
of gene families shared by closely related genomes (e.g., the
two Yersinia or the two xanthomonads). To further evaluate
those families (with and without synologs) present in two to
five genomes, we enumerated the gene losses required to
explain the phylogenetic distribution of the family under the
assumption of no LGT following a single initial appearance in
a lineage (Figure 1B). For 74% of these families, the
occurrence of homologs among the taxa can be explained
as a single acquisition by their common ancestor, followed by
vertical inheritance with inference of, at most, a single
subsequent loss.

Cumulatively, the phylogenetic evidence (for gene families
present in six or more genomes) and the distributional
evidence (for gene families present in fewer than six
genomes) indicate that high levels of foreign gene acquisition
have introduced the majority of genes of y-proteobacterial
genomes, but that this gene acquisition has little impact on
gene phylogenies within this group. Massive gene uptake does
not cause phylogenetic inconsistencies because (i) acquired
genes come from sources outside of this group, (ii) they rarely
have homologs within the recipient genome, and (iii)
subsequent to their initial acquisition, genes tend to be
vertically transmitted.

Extent of Gene Origination and Acquisition among Taxa

The incidence of LGT varies enormously among the
lineages included in our tree. For instance, in addition to
possessing a very large number of unique genes, the genome
of P. aeruginosa contains numerous genes from families whose
phylogenetic distribution can only be explained by a very
large number of gene losses in other lineages or by LGT
(Figure 1B). This species shares numerous genes with one
other distantly related species (e.g., 28 with E. coli and 28 with
Salmonella enterica, each of which would require the inference
of five independent gene losses under the assumption of a
single initial acquisition) or with a distant sister pair (43 with
Escherichia + Salmonella, and 50 with the two Yersinia,
corresponding each to a scenario invoking four gene losses).
Additionally, P. aeruginosa is the only species in this group for
which instances of LGT for single-copy, broadly distributed
genes have been detected [16]. At the other extreme, the
endosymbiotic species (Buchnera and Wigglesworthia) show
virtually no evidence of gene acquisition.

Discussion

Previous attempts to reconstruct the history of gene
repertoires in bacteria have examined gene distributions on
a species phylogeny [9,13,28]. But ignoring the relationships
among homologs will lead to incorrect assessments of the
relative contributions of gene gain, loss, and duplication to
genome inventories. For example, if a gene has spread
widely through LGT, an analysis based on gene occurrence
would conclude that this ubiquitous distribution resulted
solely from vertical inheritance. Moreover, such methods
cannot distinguish between LGT and duplication as the
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origin of synology and therefore provide a distorted view of
the extent of duplication in bacterial genomes. Only by
evaluating the evidence for concordance between the gene
phylogenies and the organismal phylogeny is it possible to
trace the history of gain, loss, and duplication affecting each
gene family.

It was previously shown only about 200 single-copy genes
are shared by these genomes [16] and that only 1% of these
broadly distributed genes display statistically supported
evidence of LGT. However, most of these genomes contain
several thousand genes, indicating that the majority of genes
in the genome were not present in the ancestor to all y-
Proteobacteria and that they originated either through LGT
or by duplications as lineages diversified. By conducting an
exhaustive phylogenetic analysis of all genes present in
completely sequenced 7y-proteobacterial genomes, we have
evaluated the factors responsible for altering gene invento-
ries and contributing to genomic innovation. It has long been
recognized that duplication and LGT contribute to the
genome composition of evolving bacterial lineages and, in
particular, of lineages in the y-Proteobacteria [5,29,30,31],
and we provide a quantitative assessment of the roles of these
processes on a genome-wide scale.

An enormous incidence of gene acquisition is suggested by
the large number of genome- or clade-restricted gene
families, but beyond their initial acquisitions, few gene
histories conflict with the organismal tree. Our results show
that most acquired genes lack homologs in the recipient
genome and in other y-Proteobacteria. Therefore, most of
the genes present in contemporary genomes have arisen from
distant sources. Although these genes may have been trans-
mitted from unrelated cellular organisms, recent work
revealing the previously overlooked diversity of bacterioph-
ages [27,32] and their probable role in bacterial evolution
[26,33] suggest that they have contributed significantly to the
evolution of bacterial gene repertoires.

Traditionally, high levels of LGT have been considered to
be incompatible with a tree-like representation of bacterial
evolution. However, the diversity of gene families unique to
single genomes indicates that the pool of available genes is
very large, allowing the rate of gene acquisition to be both
high for a genome and very low for a particular gene.
Interestingly, there is no evidence that genes with narrower
phylogenetic distributions were more likely to undergo LGT,
suggesting that the essentiality of a gene, as denoted by its
universal presence among species, is not a predictor of its
propensity for LGT. Hence, once acquired, most genes
appear to strictly follow the organismal phylogeny.

Whereas in eukaryotes, most multicopy genes arise from
duplications, we find that LGT underlies a substantial
proportion of the cases of synology in bacterial genomes.
But, overall, synology is rare among gene families. Because
duplicates are only rarely retained in bacterial genomes for
long periods of time, hidden paralogy, that is, the differential
loss of paralogs in independent lineages, is an unlikely
explanation for phylogenetic incongruence. The overall
paucity of families with synologs and their association with
high rates of LGT indicate that duplications are not a major
mechanism for diversifying functions in these bacteria.
Although duplications play an important role in the short-
term adaptation of bacteria [29,30], only a few duplicated
genes are retained and subject to selection for diversifying

May 2005 | Volume 3 | Issue 5 | €130



Figure 3. LGT and Genome Evolution in y-Proteobacteria

Only a small proportion of genes have been retained since the
common ancestor of y-proteobacteria (in red). Under the assump-
tion that ancestral and contemporary genome sizes are similar, most
of the genes present in this ancestral genome (in white) have been
replaced by nonhomologous genes (yellow to green), usually via LGT
from organisms outside of this clade. Once a new gene is acquired,
its transmission follows vertical inheritance. The abundance of
genes unique to a species (in blue) indicates that these bacteria
(with the exception of the endosymbionts) constantly acquire new
genes, most of which do not persist long-term within lineages.
(Numbers of protein-coding genes, excluding those corresponding
to known IS elements and phages, are in parentheses for each
enome).

DOI: 10.1371/journal.pbio.0030130.g003

functions. The fixation of duplicates requires the gradual
evolution of sequence changes conferring differences in
expression or function, whereas genes arriving through LGT
are likely to be operationally distinct from those already
present in a genome and, thus, immediately able to
contribute unique functions and to be maintained in the
genome by selection.

The large number of genes that are confined to a single
genome indicates frequent gene acquisition in this group of
bacteria. In contrast, substantially fewer genes are distrib-
uted in families present in more than one proteobacterial
genome. Therefore, based on the distributions of gene
families and on the abundance of genes confined to a single
genome, recently acquired genes are lost most readily. This
implies that genes are continuously integrated into the
genomes but rarely persist long enough for hosts to diversify
[31,34]. Although a few such genes could be present in
multiple species, but quickly evolving and unrecognizable
due to loss of sequence similarity, this situation cannot
apply widely given the close relationships of some of the
genomes [26]. Rather, most genes confined to a single
genome reflect recent acquisition from a source outside of
the sampled y-Proteobacteria.

Cumulatively, the picture emerging from these studies is
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that bacterial lineages are constantly subjected to the input of
new genes from a large available pool. Conversely, resident
genes are continually lost. As a result, genomes contain
sequences that have been resident in a particular lineage for
very different durations (Figure 3). The extent of gain and
loss can vary widely among lineages: among the y-Proteobac-
teria, P. aeruginosa is at one extreme and contains a very
heterogeneous assemblage of genes with distinct histories and
varying widely in persistence, whereas Buchnera comprises
genes with very long evolutionary histories within the cell
lineage and essentially no recently acquired sequences. The
coordination of complex networks of cellular functions is all
the more remarkable given that the genes within a genome
lack a cohesive history together.

Our results, based on the distributions and phylogenies of
all genes of a set of related genomes, provide a context for
understanding several findings that previously seemed con-
tradictory: extremely high levels of LGT [5], congruence
among gene trees at various depths within bacteria
[6,16,35,36], and general agreement of sequence-based gene
trees with phylogenies based on genome contents [37,38]. We
focused on the most intensively sequenced bacterial clade: as
more genomic sequence data become available, similar
approaches can be applied to determine if genome contents
evolve in the same manner in other groups.

Materials and Methods

Defining gene families. To investigate the history of all protein-
coding genes, we defined all gene families present in the following y-
Proteobacteria: E. coli K12 [39], B. aphidicola APS [40], H. influenzae Rd
[41], Pasteurella multocida Pm70 [17], S. enterica serovar Typhimurium
LT2 [42], Y. pestis CO-92 [19], Y. pestis KIMb P12 [43], Vibrio cholerae
(chromosomes I and II [44]), Xanthomonas axonopodis pv. citri 306 [45],
X. campestris [45], Xylella fastidiosa 9abc [46], P. aeruginosa PAO1 [47], and
W. glossinidia brevipalpis [48]. Protein sequences from complete
genomes were retrieved from GenBank [49] and filtered to remove
proteins annotated as insertion sequences or as bacteriophage
sequences. Accession numbers for these genomes can be found in
the Accession Numbers section of this paper.

Homologous genes (and resulting gene families) were defined using
a cutoff for the degree of similarity among proteins reflected in the
blastp bit scores [50]. The procedure for defining gene families was
described in Lerat et al. [16] and is briefly summarized as follows: first,
a bank containing all annotated protein sequences from all included
species was queried with all the proteins in each of the genomes via
blastp, such that all proteins were searched against both their
resident genome proteins and those from the other species. To
establish the threshold for grouping genes into a family, we examined
the distribution of the ratio of the bit score to the maximal bit score
(i.e., protein match against itself) based on that observed for the
proteins of E. coli compared against proteins of the other genomes. In
each case, there is a bimodal distribution, with a first peak of low
similarity values, which is constant among comparisons and
represents random matches, and a second peak of higher values,
which varies from one comparison to another and therefore probably
represents true homologs. The height of the second peak varies
according to the number of gene family constituents and can range
from one, for single member families, to hundreds. The two phases of
the distribution are partitioned at approximately 30% of the
maximal bit score, and thus proteins having bit score values > 30%
of the maximal bit score were considered homologous and members
of the same gene family.

Genes were assigned to families by a simple link rule such that if
gene A matches gene B, and gene B matches genes C, then all three
are grouped into the same family. Comparisons among the families
resolved after applying different thresholds (10%, 20%, 30%, or 40%
of the maximal bit score) revealed that the 30% cutoff maximized the
number of families containing genes from all 13 species, indicating
that this criterion is optimal for the interspecific identification of
homologous sequences. (Information about the distribution and

May 2005 | Volume 3 | Issue 5 | €130



constituents of gene families is available upon request from the
authors.)

Gene origins and ancestries. Of the 14,158 gene families, 205
families are present as exactly one copy in each of the 13 genomes,
and previous work has established that 99% (203) of these single-
copy, widely distributed gene families are consistent with a single
phylogeny, as expected if they share a history of vertical transmission
through the replicating cell lineages [16]. This reference phylogeny
provides a scaffold upon which the ancestry of every member of every
gene family could be examined. To investigate how each gene
originates within a genome and how gene families are generated, all
protein-coding genes within each family were subjected to phyloge-
netic analysis.

Although strong evidence of LGT can be gained by a phylogenetic
approach, several factors, including the sensitivity of the tests
employed and the varied causes of phylogenetic incongruence (such
as hidden paralogy or long branch attraction, besides LGT), can
confound the interpretation of such analyses. Therefore, we estimated
the frequency of LGT in gene families by both stringent and permissive
approaches. The conservative estimates rely upon the analysis of four
different ML tests of phylogenetic congruence and the visual
inspection of the trees and alignments for each family. In this case,
we require that at least three tests support phylogenetic incongruence
and that this incongruence not be explicable parsimoniously by
hidden paralogy or ambiguous alignments. In the permissive estimates,
LGT is inferred when at least one out of the four tests supported
phylogenetic incongruence and when the tree needed more than two
independent gene losses to be explained by hidden paralogy.

Gene families differ in their distribution among the sampled
genomes and in the numbers of members per genome, and we
considered the following cases:

Families without synologs. We first focused on gene families that
contained no synology (i.e., the number of genes equals the number
of genomes in which family members are found) and whose members
are present in at least six of the genomes considered. Sequences were
aligned using ClustalW version 1.83 [51], and the best ML tree was
inferred using proml from the PHYLIP package version 3.6 [52] with
the JTT model of amino acid change [53] and a model of
heterogeneity of evolutionary rates among sites (o0 parameter
estimated from the dataset on the best tree, using Tree-Puzzle 5.1
[64]). The likelihood of this tree was then compared to the reference
species phylogeny [16], using the different ML tests (Shimodaira-
Hasegawa test [55], the one- and two-sided Kishino-Hasegawa tests
[66,57], and the expected likelihood weights [58]) implemented in
Tree-Puzzle 5.1 [54] with a confidence interval of 5%. LGT was
inferred from the results of these different tests and by visual
inspection of the tree and alignment for each family.

Families with synologs. In cases where a gene family contained one
or two synologs (i.e., # species < # genes < # species + 2), we
addressed whether synology arose from LGT or from intragenomic
duplication by analyzing all possible combinations of genes from an
alignment but including only one gene per species via individual ML
tests (see Figure 2 for an explanation of the case with one synolog).
When the tree including a particular synolog was incongruent with
the reference species tree, we considered that synolog as potentially
arising from LGT. This diagnostic was subsequently confirmed by
analyzing the tree based on all gene family members applying the
procedures (described below) used for families containing more than
two synologs. In such cases, LGT was inferred when the synology

References
1. Ohno S (1970) Evolution by gene duplication. Heidelberg (Germany):
Springer-Verlag. 160 p.

Ohta T (1989) Role of gene duplication in evolution. Genome 31: 304-310.
Rubin GM, Yell MD, Wortman JR, Miklos GLG, Nelson CR, et al. (2000)

Comparative genomics of the eukaryotes. Science 287: 2204-2215.

N

4. Zhang JZ (2003) Evolution by gene duplication: An update. Trends Ecol
Evol 18: 292-298.

5. Ochman H, Lawrence JG, Groisman EA (2000) Lateral gene transfer and
the nature of bacterial innovation. Nature 405: 299-304.

6. Daubin V, Moran NA, Ochman H (2003) Phylogenetics and the cohesion of
bacterial genomes. Science 301: 829-832.

7. Doolittle WF (1999) Lateral genomics. Trends Cell Biol 9: M5-M8.

8. Gogarten JP, Doolittle WF, Lawrence JG (2002) Prokaryotic evolution in
light of gene transfer. Mol Biol Evol 19: 2226-2238.

9. Koonin E (2003) Comparative genomics, minimal gene-sets and the last
universal common ancestor. Nat Rev Microbiol 1: 127-136.

10. Kunin V, Ouzounis CA (2003) The balance of driving forces during genome

evolution in prokaryotes. Genome Res 13: 1589-1594.

@ PLoS Biology | www.plosbiology.org

0813

Genomic Repertoires in Bacteria

could otherwise be explained only by a scenario invoking at least
three independent gene losses.

Because procedures that reconstruct all possible phylogenies using
individual synologs are difficult to interpret when numerous synologs
are present, the ML tests were not applied to families with more than
two synologs. The number of such families was small, which enabled
us to infer cases of LGT by inspection of tree topologies. For each
family containing multiple synologs, a tree based on the whole family
was built with “Neighbor” using a distance matrix obtained from
protdist (JTT model of amino acid change [53]) from the PHYLIP
package version 3.6 [52]. Distances were computed under the y-based
method for correcting the heterogeneity of rates among sites with the
o parameter obtained from the dataset on the best tree, using Tree
Puzzle 5.1 [54].

Families present in few species. For gene families present in fewer
than six genomes, ML analyses either are not possible (when family
members are present in fewer than four species) or might over-
estimate congruence (when pairs of very closely related genomes are
included, such as the two Yersinia or the two xanthomonads). To
further evaluate the incidence of LGT in gene families distributed in
two to five genomes, we inferred an initial acquisition event in the
most recent ancestor of the species containing a homolog and tallied
the minimum number of independent events of loss required to
explain the phylogenetic distribution. Families requiring the infer-
ence of zero, one, or two losses can most readily be interpreted as
vertically transmitted following their origin in the shared ancestor. In
contrast, families requiring inference of many losses would be most
reasonably interpreted as having undergone multiple acquisition
events from outside sources or transfer between lineages of y-
Proteobacteria.

Supporting Information

Accession Numbers

The GenBank (http://lwww.ncbi.nlm.nih.gov/Genbank/index.html) ac-
cession numbers for genomes discussed in this paper are Escherichia
coli K12 (NC 000913), Buchnera aphidicola APS (NC 002528), Haemophi-
lus influenzae Rd (NC 000907), Pasteurella multocida Pm'70 (NC 002663),
Salmonella enterica serovar Typhimurium LT2 (NC 003197), Yersinia
pestis CO-92 (NC 003143), Yersinia pestis KIMb5 P12 (NC 004088), Vibrio
cholerae (NC 002505 [chromosome I] and NC 002506 [chromosome II]),
Xanthomonas axonopodis pv. citri 306 (NC 003919), Xanthomonas
campestris (NC 003902), Xylella fastidiosa 9a5c (NC 002488), Pseudomonas
aeruginosa PAO1 (NC 002516 [47]), and Wigglesworthia glossinidia
brevipalpis (NC 004344).

Acknowledgments

Financial support was provided by Department of Energy grant
DEFG0301ER63147 to HO and National Science Foundation grant
0313737 to NAM.

Competing interests. The authors have declared that no competing
interests exist.

Author contributions. EL, VD, and NAM conceived and designed
the experiments. EL performed the experiments. EL, VD, HO, and
NAM analyzed the data. VD contributed reagents/materials/analysis
tools. EL, VD, HO, and NAM wrote the paper. n

11. Kurland CG, Canback B, Berg OG (2003) Horizontal gene transfer: A
critical view. Proc Natl Acad Sci U S A 100: 9658-9662.

Lawrence ]G, Hendrickson H (2003) Lateral gene transfer: When will
adolescence end? Mol Microbiol 50: 739-749.

Snel B, Bork P, Huynen MA (2002) Genomes in flux: The evolution of
archaeal and proteobacterial gene content. Genome Res 12: 17-25.

Fitch WM (1970) Distinguishing homologous from analogous proteins. Syst
Zool 19: 99-113.

Patterson C (1988) Homology in classical and molecular biology. Mol Biol
Evol 5: 603-625.

Lerat E, Daubin V, Moran NA (2003) From gene trees to organismal
phylogeny in prokaryotes: The case of the gamma-proteobacteria. PLoS
Biol 1: el9.

. May BJ, Zhang Q, Li LL, Paustian ML, Whittam TS, et al. (2001) Complete
genomic sequence of Pasteurella multocida, Pm70. Proc Natl Acad Sci U S A
98: 3460-3465.

Parkhill J, Dougan G, James K, Thomson N, Pickard D, et al. (2001)
Complete genome sequence of a multiple drug resistant Salmonella enterica
serovar Typhi CT18. Nature 413: 848-852.

12.
13.
14.
15.

16.

18.

May 2005 | Volume 3 | Issue 5 | €130



19.

20.

21.

22.

23.

24.

26.

27.

28.

29.

30.

31.

39.

40.

Parkhill J, Wren BW, Thomson NR, Titball RW, Holden MT, et al. (2001)
Genome sequence of Yersinia pestis, the causative agent of plague. Nature
413: 523-527.

Perna N, Plunkett G, Burland V, Mau B, Glasner J, et al. (2001) Genome
sequence of enterohaemorrhagic Escherichia coli O157:H7. Nature 409: 529—
Huynen MA, van Nimwegen E (1998) The frequency distribution of gene
family sizes in complete genomes. Mol Biol Evol 15: 583-589.

Yanai I, Camacho CJ, DeLisi C (2000) Predictions of gene family
distributions in microbial genomes: Evolution by gene duplication and
modification. Phys Rev Lett 85: 2641-2644.

Koonin EV, Wolf YI, Karev GP (2002) The structure of the protein universe
and genome evolution. Nature 420: 218-223.

Unger R, Uliel S, Havlin S (2003) Scaling law in sizes of protein sequence
families: From superfamilies to orphan genes. Proteins 51: 569-576.

. Perriére G, Bessiéres P, Labedan B (2000) EMGLib: The enhanced microbial

genomes library (update 2000) Nucleic Acids Res 28: 68-71.

Daubin V, Ochman H (2004) Bacterial genomes as new gene homes: The
genealogy of ORFans in E. coli. Genome Res 14: 1036-1042.

Pedulla ML, Ford ME, Houtz JM, Karthikeyan T, Wadsworth C, et al. (2003)
Origins of highly mosaic mycobacteriophage genomes. Cell 113: 171-182.
Gevers D, Vandepoele K, Simillion C, Van de Peer Y (2004) Gene
duplication and biased functional retention of paralogs in bacterial
genomes. Trends Microbiol 12: 148-154.

Andersson DI, Slechta ES, Roth JR (1998) Evidence that gene amplification
underlies adaptive mutability of the bacterial lac operon. Science 282:
1133-1135.

Hendrickson H, Slechta ES, Bergthorsson U, Andersson DI, Roth JR (2002)
Amplification mutagenesis: Evidence that “directed” adaptive mutation
and general hypermutability result from growth with a selected gene
amplification. Proc Natl Acad Sci U S A 99: 2164-2169.

Lawrence JG, Ochman H (1998) Molecular archaeology of the Escherichia coli
genome. Proc Natl Acad Sci U S A 95: 9413-9417.

. Hendrix RW (2002) Bacteriophages: Evolution of the majority. Theor Popul

Biol 61: 471-480.

. Canchaya C, Fournous G, Chibani-Chennoufi S, Dillmann ML, Brussow H

(2003) Phage as agents of lateral gene transfer. Curr Opin Microbiol 6: 417-424.

. Daubin V, Lerat E, Perriere G (2003) The source of laterally transferred

genes in bacterial genomes. Genome Biol 4: R57.

. Brochier C, Bapteste E, Moreira D, Philippe H (2002) Eubacterial phylogeny

based on translational apparatus proteins. Trends Genet 18: 1-5.

. Daubin V, Gouy M, Perriere G (2002) A phylogenomic approach to

bacterial phylogeny: Evidence of a core of genes sharing a common history.
Genome Res 12: 1080-1090.

. Huynen MA, Snel B, Bork P (1999) Lateral gene transfer, genome surveys,

and the phylogeny of prokaryotes. Science 286: 1443a.

. Snel B, Bork P, Huynen MA (1999) Genome phylogeny based on gene

content. Nat Genet 21: 108-110.

Blattner FR, Plunkett G III, Bloch CA, Perna NT, Burland V, et al. (1997) The
complete genome sequence of Escherichia coli K-12. Science 277: 1453-1474.
Shigenobu S, Watanabe H, Hattori M, Sakaki Y, Ishikawa H (2000) Genome

@ PLoS Biology | www.plosbiology.org

0814

41

42,

43.

44,

45.

46.

47.

48.

49.

50.

54.

55.

56.

57.

58.

Genomic Repertoires in Bacteria

sequence of the endocellular bacterial symbiont of aphids Buchnera sp. APS.
Nature 407: 81-86.

. Fleischmann RD, Adams MD, White O, Clayton RA, Kirkness EF, et al.

(1995) Whole genome random sequencing and assembly of Haemophilus
influenzae Rd. Science 269: 496-512.

McClelland M, Sanderson KE, Spieth J, Clifton SW, Latreille P, et al. (2001)
Complete genome sequence of Salmonella enterica serovar Typhimurium
LT2. Nature 413: 852-856.

Deng W, Burland V, Plunkett G III, Boutin A, Mayhew GF, et al. (2002)
Genome sequence of Yersinia pestis KIM. J Bacteriol 184: 4601-4611.
Heidelberg JF, Eisen JA, Nelson WC, Clayton RA, Gwinn ML, et al. (2000)
DNA sequence of both chromosomes of the cholera pathogen Vibrio
cholerae. Nature 406: 477-483.

da Silva AC, Ferro JA, Reinach FC, Farah CS, Furlan LR, et al. (2002)
Comparison of the genomes of two Xanthomonas pathogens with differing
host specificities. Nature 417: 459-463.

Simpson AJ, Reinach FC, Arruda P, Abreu FA, Acencio M, et al. (2000) The
genome sequence of the plant pathogen Xylella fastidiosa: The Xylella
Jastidiosa Consortium of the Organization for Nucleotide Sequencing and
Analysis. Nature 406: 151-157.

Stover CK, Pham XQ, Erwin AL, Mizoguchi SD, Warrener P, et al. (2000)
Complete genome sequence of Pseudomonas aeruginosa PAO1, an opportun-
istic pathogen. Nature 406: 959-964.

Akman L, Yamashita A, Watanabe H, Oshima K, Shiba T, et al. (2002)
Genome sequence of the endocellular obligate symbiont of tsetse flies,
Wigglesworthia glossinidia. Nat Genet 32: 402-407.

Benson DA, Karsch-Mizrachi I, Lipman DJ, Ostell J, Rapp BA, et al. (2002)
GenBank. Nucleic Acids Res 30: 17-20.

Altschul SF, Madden TL, Schaffer AA, Zhang J, Zhang Z, et al. (1997)
Gapped BLAST and PSI-BLAST: A new generation of protein database
search programs. Nucleic Acids Res 25: 3389-3402.

. Higgins DG, Thompson JD, Gibson TJ (1996) Using CLUSTAL for multiple

sequence alignments. Meth Enzymol 266: 383-402.

. Felsenstein J (1989) PHYLIP—Phylogeny Inference Package (Version 3.2).

Cladistics 5: 164-166.

. Jones DT, Taylor WR, Thornton JM (1992) The rapid generation of

mutation data matrices from protein sequences. Comput Appl Biosci 8:
275-282.

Strimmer K, von Haeseler A (1996) Quartet puzzling: A quartet maximum
likelihood method for reconstructing tree topologies. Mol Biol Evol 13:
964-969.

Shimodaira H, Hasegawa M (1999) Multiple comparisons of log-likelihoods
with applications to phylogenetic inference. Mol Biol Evol 16: 1114-1116.
Kishino H, Hasegawa M (1989) Evaluation of the maximum likelihood
estimate of the evolutionary tree topologies from DNA sequence data, and
the branching order in Hominoidea. ] Mol Evol 29: 170-179.

Goldman N, Anderson JP, Rodrigo AG (2000) Likelihood-based tests of
topologies in phylogenetics. Syst Biol 49: 652-670.

Strimmer K, Rambaut A (2002) Inferring confidence sets of possibly
misspecified gene trees. Proc R Soc Lond B Biol Sci 269: 137-142.

May 2005 | Volume 3 | Issue 5 | €130



