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Letter

Bacterial Genomes as New Gene Homes:
The Genealogy of ORFans in E. coli

Vincent Daubin' and Howard Ochman

Department of Biochemistry & Molecular Biophysics, University of Arizona, Tucson, Arizona 85721, USA

Differences in gene repertoire among bacterial genomes are usually ascribed to gene loss or to lateral gene transfer
from unrelated cellular organisms. However, most bacteria contain large numbers of ORFans, that is, annotated
genes that are restricted to a particular genome and that possess no known homologs. The uniqueness of ORFans
within a genome has precluded the use of a comparative approach to examine their function and evolution.
However, by identifying sequences unique to monophyletic groups at increasing phylogenetic depths, we can make
direct comparisons of the characteristics of ORFans of different ages in the Escherichia coli genome, and establish their
functional status and evolutionary rates. Relative to the genes ancestral to ~y-Proteobacteria and to those genes
distributed sporadically in other prokaryotic species, ORFans in the E. coli lineage are short, A+T rich, and evolve
quickly. Moreover, most encode functional proteins. Based on these features, ORFans are not attributable to errors
in gene annotation, limitations of current databases, or to failure of methods for detecting homology. Rather,
ORFans in the genomes of free-living microorganisms apparently derive from bacteriophage and occasionally become

established by assuming roles in key cellular functions.

[Supplemental material is available online at www.genome.org.]

Bacterial genomes display variation in size, even among strains of
the same species. And because these microorganisms have very
little noncoding or repetitive DNA, the variation in genome size
usually reflects differences in gene repertoire. Some species, par-
ticularly bacterial parasites and symbionts, have undergone mas-
sive genome reduction and simply contain a subset of the genes
present in their ancestors (Moran 1996). However, in free-living
bacteria, such gene loss cannot explain the observed disparities
in genome size because ancestral genomes would have had to
contain improbably large numbers of genes. Surprisingly, a sub-
stantial fraction of the difference in gene contents in free-living
bacteria is due to the presence of ORFans, that is, open reading
frames (ORFs) that have no known homologs and are conse-
quently of no known function (Fischer and Eisenberg 1999). The
high numbers of ORFans in bacterial genomes indicate that, with
the exception of those species with highly reduced genomes,
much of the observed diversity in gene inventories does not re-
sult from either the loss of ancestral genes or transfer from well-
characterized organisms (processes that result in a patchy distri-
bution of orthologs but not in unique genes) or from recent
duplications (which would likely yield homologs within the
same or closely related genome).

The high frequencies of ORFans detected in bacterial ge-
nomes were originally attributed to the limited set of sequenced
genomes then available for comparison, and it was predicted that
this category of genes would dwindle as databases expanded.
Nevertheless, the number of ORFans in databases has grown de-
spite an increase in the number and diversity of complete ge-
nome sequences. A recent survey estimated their frequency to be
14% of the total genes from 60 completely sequenced genomes
(Siew and Fischer 2003b).

The existence of ORFans in virtually every genome has been
termed a “mystery” (Dujon 1996), and numerous explanations
have been offered to account for their occurrence and for the
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inability to classify these genes into existing protein families
(Fischer and Eisenberg 1999). The most common explanation is
that ORFans represent very rapidly evolving genes, or possibly
pseudogenes, undergoing rates of substitution and rearrange-
ments that obscure their similarity to known proteins (Domazet-
Loso and Tautz 2003). Alternatively, these genes could be pro-
duced de novo from noncoding sequences, which are more
highly diverged between taxa. Furthermore, they could represent
genes transferred from organisms that have no representatives in
the databases such that no significant similarity can be detected.
Then again, ORFans might not be real genes, but simply artifacts
resulting from the algorithms used to recognize coding se-
quences in genomes. It is possible that the factors responsible for
the presence of ORFans will differ among taxomonic groups. For
example, in eukaryotes, the sparse sampling of complete genome
sequences may account for a large proportion of ORFans,
whereas in many bacterial groups, this explanation is less likely
because of the large numbers of genome sequences already avail-
able.

Previous analyses of the species or strain-specific genes in
bacteria showed that such sequences tend to have lower G+C
contents than genes with a wider distribution among species.
Charlebois et al. (2003), noting that intergenic regions are often
A+T rich in bacterial genomes, interpreted the biased base com-
position of species-specific ORFans as indicating that they might
be either annotation artifacts or fast-evolving genes. In contrast,
Daubin et al. (2003) viewed the existence of unique ORFans in
very closely related genomes as evidence that these sequences
arose by lateral gene transfer.

Although long ORFans are likely to be actual coding se-
quences, short hypothetical ORFs must be viewed with caution
(Ochman 2002; Siew and Fischer 2003a). Unfortunately, the
uniqueness of ORFans is the very feature that prevents use of a
comparative approach to examine sequence function and evolu-
tion. However, if ORFans arise throughout the history of a bac-
terial lineage, they will exist at every phylogenetic level, such
that each clade of bacteria contains ORFans that are unique to
that particular group. Considering sets of genes that are restricted
to monophyletic groups as well as those confined to individual
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genomes allows us to examine the properties of ORFans across
organisms and to answer questions about their origins in bacte-
rial genomes.

RESULTS

The phylogenetic distributions of annotated genes in the Esch-
erichia coli MG1655 genome are highly variable. At each node of
the phylogeny, two classes of clade-specific genes are evident:
those with sporadic matches in distantly related prokaryotic spe-
cies (HOPs for heterogeneous occurrence in prokaryotes) and
those with no detectable match to any sequences in the data-
bases (ORFans). Based on this distinction, the E. coli MG1655
genome contains >500 genes that have no homologs outside of
the y-Proteobacteria, with 64 ORFans that are unique to this ge-
nome. The close relationship and relatively recent divergence of
the sequenced E. coli strains considered in this analysis imply a
rapid mechanism for the generation of ORFans in a genome. In
addition to the ORFans found only in the E. coli MG1655 genome
(ny), 162 ORFans are restricted to the clade including all se-
quenced representatives of E. coli (n,), an addi-

tional 113 ORFans are confined to the E. coli-

Salmonella enterica clade (n,), and 85 ORFans

are specific to the enteric bacteria (n;). More-

over, there are numerous HOPs that are both

confined to particular clades and detected in

some distantly related prokaryotic genome as

well as >2000 native genes ancestral to all

y-proteobacteria (Fig. 1). Given the criteria that

we applied for classifying homologs, including

the requirement of conserved gene context,

these are conservative estimates of the num-

bers of genes specific to each clade.

Features of ORFans

ORFans have some peculiar characteristics
when compared with other genes. Within all
clades, the ORFans spanned a similar size dis-
tribution and were significantly shorter than
either HOPs or native genes (Fig. 2A). In addi-
tion, the ORFans from each clade are A+T rich,

with those restricted to younger clades (n, and 2049

—: Yersinia pestis (KIM)
186 Y. pestis (CO82) n3

n,) showing the most extreme biases in base
composition (Fig. 2B). It is interesting to note
that, within each clade, the G+C contents of
HOPs and ORFans, although biased toward
A+T relative to native genes, are distinct, sug-
gesting separate histories for these two classes
of genes.

ORFans Encode Functional Proteins
ORFans, particularly those that are short, have

been attributed to errors in gene annotation or —

possibly pseudogenes (Fischer and Eisenberg
1999; Amiri et al. 2003; Charlebois et al. 2003).
One method for determining the functional
status of a sequence is by a comparative ap-
proach. Because selective constraints differ be-
tween synonymous and nonsynonymous sites,
ORFs that specify functional proteins tend to
have much higher divergence at synonymous
sites (K,) than at nonsynonymous sites (K,).
Similarly, in sequences that lack functional
constraints, such as pseudogenes or misanno-
tated regions, values of K, and K; are expected
to be the same, and for protein-coding regions

undergoing adaptive evolution, K,/K; ratios will exceed one. This
K, /K; test requires comparisons of orthologs from lineages that
are sufficiently divergent to have accumulated numerous
changes, but similar enough such that alignments are not con-
founded by multiple substitutions; and therefore, we adopted
this approach to examine genes restricted to the E. coli-S. enterica
clade (n,). The average K,/K; ratio of the 113 ORFans unique to
this clade is 0.19 = 0.030 (with only five having K,/K; ratios not
significantly differing from one), denoting that the vast majority
of ORFans encode functional proteins (Fig. 3). Furthermore, the
121 HOPs confined to this clade have an average K,/K;
=0.08 = 0.005; and among native genes, the average K,/
K,=0.05 £ 0.001. Similar K,/K; values have been reported for
the ORFans in Drosophila (Domazet-Loso and Tautz 2003). Both
in bacteria and in eukaryotes, the ORFans encode functional pro-
teins, and these proteins evolve faster than more widely distrib-
uted genes. The increase in rates of protein evolution among
ORFans is, in fact, more pronounced than that divulged by K,/K;
ratios: because the average synonymous substitution rate of
ORFans (K, =1.28) is significantly greater than that of native

B. aphidicola (Sg)

(=]
en

I: Haemophilus influenzae
Pasteurella multocida
Vibrio cholerae
|: V. parahaemolyticus

'}14

Pseudomonas aerniginosa
Xylella fastidiosa

Xanthomonas campestris
X. citri
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Figure 1 Distribution of clade-specific genes at different phylogenetic depths within the
y-Proteobacteria. The topology of the tree is based on Lerat et al. (2003), and successive blue
boxes (ny,—n, native) encompass the clades considered in the present study. Numbers of
ORFans (yellow/red) and HOPs (white) in the E. coli MG1655 genome specific to n,—n, are
shown at the basal nodes of each clade. The number of native genes (n = 2049) corresponds
to genes in the E. coli MG1655 genome that are present in at least one member of each clade.
Species numbers of Bacteria and Archaea denote all those included in BLASTP searches.
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Figure 2 Characteristics of ORFans (black circles) and HOPs (open
circles) in +y-Proteobacterial clades of increasing phylogenetic depth.
Clade designations (n,-n,) follow those shown in Figure 1, and dashed
lines denote values for native genes. (A) Average size (in base pairs). (B)
Average %G+C content at the third position of codons (G+C3). Bars
represent one standard error.

genes (K; =0.99), there is an even larger disparity between the
amino acid substitution rates of ORFans and that of other genes.

The Recognition and Origination

of Fast-Evolving Sequences

The small size and rapid substitution rates of ORFans suggest that
the lack of detectable homologs might result from artifacts in-
herent to the methods used to infer similarity among sequences.
However, the presence of genes unique to E. coli MG1655 (and
absent from very closely related strains) indicate that these
ORFans did not originate from ancestral genes with enhanced
evolutionary rates. Similarly, a re-examination of genes restricted
to the E. coli-S. enterica clade (n,) reveals that heightened rates of
evolution do not affect our ability to recognize orthologs and
identity true ORFans. Although ORFans evolve, on average, more
quickly than native genes, nearly 80% of the ORFans shared by E.
coli and §. enterica have a K, < 0.2. When native genes having
similar or greater levels of divergence (i.e., equal or faster evolu-
tionary rates) were subjected to BLAST similarity searches, ho-
mologs could be detected in all y-Proteobacteria as well as several
more distantly related genomes at our E-value threshold. Al-
though the number of genes incorrectly assigned as ORFans is
expected to be higher in deeper clades, Fischer and Eisenberg
(1999) have shown that only a small proportion of ORFans can
be attributed to limitations of sequence similarity algorithms.
Restricting our analyses to genes having K, < 0.1 between Esch-
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erichia and Salmonella (which would remove any falsely identi-
fied ORFans due to increased substitution rates) yielded the same
results in terms of the differences in the lengths and G+C con-
tents between ORFans and other genes.

Genomic Context of ORFans and HOPs

Nearly 40% of the ORFans and HOPs reside together in clusters
(ranging up to 18 genes), which are randomly distributed around
the E. coli MG1655 chromosome. This clustering differs signifi-
cantly from a random distribution (p < 0.001), and those ORFans
and HOPs restricted to more recent clades are more clustered. For
instance, 54% of the ORFans and HOPs from the n, clade are
found in clusters of two or more genes, as compared with 29% for
n; and 14% for n,. Many clusters are in close proximity to re-
gions associated with the integration of alien DNA, with ~25%
adjacent to tRNAs, IS elements or prophages. The fact that
ORFans and HOPs restricted to the same clade often reside within
the same cluster suggests that, despite a separate origin for each
of these two classes of genes, certain events involve both types of
sequences. This implies a common mechanism for introducing
ORFans and HOPs into a genome, possibly involving bacte-
riophages.

DISCUSSION

ORFans are annotated open reading frames with no homologs in
current databases. This might suggest that many of them are
attributable to errors in annotation, to the failure of methods for
detecting homology, or to inadequacies of the databases. The
first two factors apparently play little role in the generation of
ORFans in bacteria. Our analyses indicate that the majority of
ORFans confined to y-Proteobacterial clades are functional pro-
teins (rather than annotation artifacts), and that sequence align-
ment algorithms combined with the analysis of genome context
would likely recognize homologs of ORFans, if present, in other
prokaryotes. With regard to the contents of current databases,
recent increases in the quantity and diversity of sequenced ge-
nomes have not reduced the total number of documented
ORFans (Siew and Fischer 2003b). Although sequencing addi-
tional genomes that are virtually identical to those already avail-
able would have the trivial consequence of masking ORFans by
recovering homologs, the genomic sequences of closely related
strains of E. coli have had quite the opposite effect. Despite a very
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Figure 3 Average K,/K, ratios for ORFans (black circles) and HOPs
(open circles) restricted to clades of increasing phylogenetic depth
(n,-ny). All calculations of K, and K; are based on E. coli and S. enterica
orthologs. The dashed line corresponds to the average K,/K; value for
native genes of E. coli and S. enterica. Bars represent one standard error.
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recent divergence, each of the sequenced strains of E. coli harbors
hundreds of kilobases of unique DNA as well as a large number of
strain-specific ORFans (Welch et al. 2002). Therefore, not only
are ORFans a common feature of bacterial genomes but they can
also originate very quickly.

Because species sampling can influence the recognition of
the ORFans unique to a genome, we analyzed ORFans appearing
over the evolutionary history of a lineage by identifying se-
quences unique to monophyletic groups containing E. coli
MG1655 at increasing phylogenetic depths (Fig. 1). Whereas
most previous studies have focused on the ORFans confined to
individual genomes, our approach allows direct comparisons of
the numbers and characteristics of ORFans of different ages in
the E. coli genome, and yields information about their functional
status and substitution rates.

Taken together, ORFans in the E. coli lineage are short, func-
tional, A+T rich, and quickly evolving, and can be differentiated
based on their sequence properties both from those laterally ac-
quired genes that are distributed in other bacteria (HOPs) and
from those genes ancestral to all y-Proteobacteria. Whereas the
degenerative or accelerated evolution of ancestral genes can serve
as a mechanism for generating ORFans both in bacteria species
undergoing genome reduction (Amiri et al. 2003) and in eukary-
otes (Domazet-Loso and Tautz 2003), the extreme differences in
base composition of ORFans and native genes indicate that this is
not the case for ORFans in E. coli. Because all bacterial genomes
with G+C contents >30% have intergenic regions that are rela-
tively A+T rich, it has also been suggested that ORFans arise from
errors in annotating noncoding regions (Charlebois et al. 2003).
But the fact that most of the intergenic regions are homologous
among strains of E. coli indicates that these regions are not the
source of unique, strain-specific sequences. And in addition, the
K,/K; tests in older ORFans demonstrate that the vast majority
encode functional proteins.

Despite their distinguishing features, ORFans in E. coli do
not comprise a static group: the older ORFans (i.e., those present
in deeper clades) approach characteristics of native genes in
terms of base composition and evolutionary rates, whereas the
younger ORFans tend to be clustered and adjacent to laterally
transferred sequences. Together with their fast rate of origination
in bacterial genomes, this chromosomal distribution suggests
that, in bacteria such as E. coli, ORFans do not arise from the
degradation of ancestral coding regions or from intergenic se-
quences, but rather by lateral gene transfer. Moreover, genes that
originate together might be expected to become dispersed over
time owing to rearrangements, insertions, and deletions, which
accounts for the fact that ORFans restricted to shallower clades
are more typically found in larger gene clusters.

Similar to what has been observed for bacteria (Charlebois et
al. 2003; Daubin et al. 2003), the ORFans in Drosophila are short,
AT rich, and quickly evolving relative to ancestral genes (Doma-
zet-Loso and Tautz 2003). Unfortunately, the sparse sampling of
insect genomes raises the possibility that the ORFans identified
in Drosophila include genes that originated recently as well as
those lost by (or not detected in) other lineages. Therefore, the
populations of ORFans recognized in bacterial and eukaryotic
genomes likely result from very different mechanisms and are
not yet directly comparable.

A Role for Phage in Generating ORFans

Although several features of ORFans suggest that they originate
through lateral gene transfer, it is unlikely that other bacteria
serve as the major source of these genes. The compositional prop-
erties of genes native to bacteria differ from those observed in
ORFans (Daubin et al. 2003), and even those genes with patchy

distributions among prokaryotes (HOPs) have sequence charac-
teristics that distinguish them from ORFans. Several lines of evi-
dence implicate phage as the principal candidates for introduc-
ing ORFans into bacterial genomes: phage—particularly ssDNA—
are A+T rich (Rocha and Danchin 2002), their genes have
compositional characteristics that match recent ORFans (Daubin
et al. 2003), and their raison d’étre is to proliferate alien se-
quences in bacterial genomes. And because phage diversity has
been so poorly sampled, it is not surprising that genes that origi-
nate from phage are rarely seen as having homologs, even when
querying all-inclusive databases.

Many phages are known to encode short A+T-rich genes, a
high proportion of which are ORFans (Pedulla et al. 2003). Al-
though the function of these genes remains obscure, it has been
proposed that they play a role in the retention of prophages by
supplying properties that benefit the bacterial host (Hendrix et
al. 2000; Juhala et al. 2000). This helps explain the persistence of
ORFans in bacterial genomes, even after the disappearance of the
neighboring phage sequences.

The introduction of ORFans by an A+T-rich donor popula-
tion has been occurring throughout the evolutionary history of
the y-Proteobacterial lineage leading to E. coli. Because bacterial
genomes manifest distinct mutational patterns, atypical se-
quences are expected to ameliorate and eventually resemble the
base composition of native genes (Sueoka 1988; Lawrence and
Ochman 1997). This process accounts for the higher G+C con-
tents of ORFans from deeper clades (n, and n3): these relatively
ancient ORFans are still A+T rich, which links them to the
younger ORFans in shallower clades, but their average base com-
position is closer to that of native genes. Finally, examining the
sequence features of ORFans that originate over the history of a
lineage also allows us to monitor the process of amelioration of
these ancestrally A+T-rich genes toward their new genomic en-
vironments. ORFans restricted to E. coli and S. enterica (clade n,)
still display significant differences in their G+C contents when
compared with native genes, suggesting that the assimilation of
genes to the sequence characteristics of their new host genome is,
indeed, slow. It is interesting to note that although the G+C
content of native genes is higher in Salmonella than in E. coli, the
difference between ORFans and native genes is smaller, suggest-
ing that the amelioration process is faster in Salmonella (Fig. 4).

If ORFans originate in phages, it is anticipated that their
sequences will harbor additional characteristics of bacteriophage
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Figure 4 Average G+C at the third position of codons (G+C3) for or-
thologous ORFans of different classes of genes (ORFans, HOPs, native) in
E. coli (black) and S. enterica (open). Bars represent one standard error.
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genes. Because dinucleotide frequencies can provide signatures
that discriminate among sequences from different organisms and
have been used to identify alien genes within genomes (Karlin
1998), we compared the dinucleotide frequencies from native
genes, ORFans, and bacteriophages known to infect E. coli (see
Supplemental material). Recent ORFans and phages are similarly
biased for CpG, TpC, ApG, CpC, and ApA, whereas the older
ORFans progressively approach the dinucleotide compositions of
native genes. These results provide further support of an ances-
tral relationship between the ORFans present in the E. coli ge-
nomes and bacteriophages.

The Function of ORFans

Most ORFans, although under selective constraints, are of un-
known function. However, the identification and function of a
few of the ORFans in the E. coli lineage have been established; the
most surprising of these is rpsV, the gene encoding ribosomal
protein S22, which is restricted to the n, clade. (A ribosomal
protein called S22 has been described in chloroplast and mito-
chondria, but it is not homologous to the one found in E. coli;
Keiper and Wormington 1990; Bubunenko and Subramanian
1994.) Despite its relatively low evolutionary rate, the rpsV gene
of E. coli, like other ORFans, is short and A+T rich. The RpsV
protein is associated with the small subunit of ribosomes during
the early stages of the stationary phase (Wada 1998), and based
on a genome-wide survey using E. coli microarrays, rpsV expres-
sion increases substantially in nongrowing cells (Selinger et al.
2000). Surprisingly, among the 25 genes showing the greatest
increase in expression in stationary phase (Selinger et al. 2000),
we found that, in addition to rpsV, 10 were ORFans (mostly n,)
and five were HOPs. Because the stationary phase in bacteria
often corresponds to cell stress or starvation, this may reveal an
ancestral link between these genes and selfish elements that are
mobilized under stress conditions.

When they originate, ORFans are unlikely to encode essen-
tial functions; but if maintained, ORFans can become incorpo-
rated into cellular processes and take on roles more crucial to cell
survival. This could occur either by assuming the function of an
ancestral gene or by conferring a new property that is integral to
the host cell. As evidence of these processes, some of the ORFans
restricted to the n; clade are conserved in the highly reduced
genome of the aphid symbiont Buchnera aphidicola. Because
Buchnera has eliminated the vast majority of genes that were
present in its free-living ancestor, its genome is thought to en-
code very few accessory functions and to have retained a mini-
mal set of required genes. Among the ORFans conserved by E. coli
and Buchnera is dnaT, which encodes a primosome assembly pro-
tein responsible for loading the replicative helicase DnaB onto
DNA. Its immediate neighbor in both Escherichia and Buchnera is
the gene specifying DnaC, another primosome assembly protein,
which was classified as an HOP specific to the n; clade because of
its weak similarity to a protein in Gram-positive bacteria. There-
fore, both dnaT and dnaC were likely acquired together in the
ancestor of enteric bacteria and have since taken on a role in
DNA replication previously performed by nonorthologous genes.
This hypothesis is further supported by the detection of genes
with similarity to dnaC and dnaT in two bacteriophages (Epsilon
NC_004775 and P27 NC_003356, respectively). An additional 46
ORFans (ny—n,) show significant similarity to genes in sequenced
phage genomes (Supplemental Table 1). Although the contribu-
tion of bacteriophage to the evolution of pathogenicity in bac-
teria has been well documented, these results suggest a more
profound role of phage in bacterial evolution.

Two mechanisms, based on separate findings and having
different evolutionary implications, could account for the exist-
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ence of ORFans in bacterial genomes. In the first, ORFans are the
remnants of ancestral sequences that result from the erosion and
degradation of previously functional genes, and their presence is
viewed as an indicator of genome dynamics (Amiri et al. 2003).
In the second, ORFans elaborate new functions that are poten-
tially beneficial to the organism and represent a means of bacte-
rial adaptation. Whereas the first mechanism is certainly operat-
ing in host-associated bacteria undergoing massive genome re-
duction, our estimates from E. coli suggest that ORFans constitute
a substantial fraction of the genomes of free-living, nonpatho-
genic bacteria. We have shown that the majority of ORFans en-
code functional proteins and display numerous features that in-
dicate acquisition from phage. These results show that ORFan
genes can become established in bacterial genomes and assume
key roles essential to the cell, and support the argument for an
unprecedented role of phage in bacterial long-term evolution.

METHODS

Delimiting ORFans in Clades of Different
Phylogenetic Depths

We initially queried all completely sequenced prokaryotic ge-
nomes (1 = 94) available in the EMGIlib database (Perriere et al.
2000; release February 26, 2003) with the annotated ORFs of E.
coli MG1665 using BLASTP (Altschul et al. 1997; applying the
BLOSUMG62 matrix). To identify those ORFs of E. coli MG1655
that are restricted to clades of different phylogenetic depths, we
narrowed our analysis to the gene contents of sequenced enteric
bacteria, currently the best represented bacterial group, including
five strains of E. coli (Blattner et al. 1997; Hayashi et al. 2001;
Perna et al. 2001; Welch et al. 2002; Wei et al. 2003), two sub-
species/serovars of S. enterica (McClelland et al. 2001; Parkhill et
al. 2001a), two species of Buchnera (Shigenobu et al. 2000; Tamas
et al. 2002), and two strains of Yersinia pestis (Parkhill et al.
2001b; Deng et al. 2002) as well as those of several other y-Pro-
teobacteria, including Vibrio cholerae (Schoolnik and Yildiz 2000),
Vibrio parahaemolyticus (Makino et al. 2003), Haemophilus influ-
enzae (Fleischmann et al. 1995), Pasteurella multocida (May et al.
2001), Pseudomonas aeruginosa (Stover et al. 2000), Xylella fastidi-
osa (Simpson et al. 2000), Xanthomonas campestris, and Xan-
thomonas citri (da Silva et al. 2002). (Species are listed in order of
increasing genetic distance to E. coli.) We defined monophyletic
clades within the sequenced y-Proteobacteria based on their ge-
netic relationships, as established by phylogenetic analysis of the
~200 genes conserved among all taxa considered (Lerat et al.
2003). From this phylogeny, we made use of all clades that in-
cluded E. coli MG1655, except those that placed highly reduced
genomes (e.g., Buchnera, Haemophilus) as the outside reference
taxa because this would restrict the identification of clade-
specific genes.

We first considered the ORFs restricted to the E. coli MG1665
genome (n,) and then to four key clades (Fig. 1), corresponding
to the E. coli species (n,), the Escherichia-Salmonella group (n,),
the enterics (n3), and the group including Vibrio spp., Haemophi-
lus, Pasteurella, and the enterics (n,). To minimize the inclusion
of genes expected to have sporadic distributions among bacteria,
we removed all recognized IS elements as well as sequences as-
sociated with known prophages from the E. coli MG1655 gene
set. Then, we defined clade-specific ORFans as those having no
detectable homologs outside of a specific clade. Because of dele-
tion events (particularly in reduced genomes), it is possible that
some clade-specific ORFs are missing in certain members of a
clade. Thus, for ORFans specific to n,, we retain all ORFs from E.
coli MG1655 that have no match (E-value < 0.01) in any other
genome considered. Similarly, the ORFans specific to clade n, are
those present in E. coli MG1655 and at least one of the other
sequenced E. coli strains (E-value < 10~ °) but absent (E-
value > 0.01) from the other genomes. The ORFans specific to the
deeper clades n,, n3;, and n, were similarly defined, but with the
additional requirement that ORFs be present in at least one ge-
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nome from each clade subsumed by the deeper clade. Those ORFs
present in each clade and in at least one of the other y-Proteo-
bacterial genomes were considered ancestral (designated “na-
tive”). Our method thus allows us to identify ORFans that arise at
different phylogenetic depths, and consequently to study their
evolution using comparative analyses.

Genes With Heterogeneous Occurrence
in Prokaryotes (HOPs)

To determine if ORFans share features with either laterally trans-
ferred or native genes, we performed BLAST searches to obtain
sets of genes that were acquired before the divergence of each of
the clades considered. Genes that are restricted to a particular
clade within the y-Proteobacteria but are distributed sporadically
among more distantly related taxa are considered likely candi-
dates of lateral gene transfer, and we refer to these genes as HOPs,
for Heterogeneous Occurrence in Prokaryotes. For example, the
HOPs in E. coli MG1655 (n,) were those ORFs with no homologs
(E-value < 0.01) in other genomes included in clade n, but show-
ing some similarity (E-value < 107°) to ORFs in more distantly
related species. Similarly, HOPs in clade n, were those ORFs from
E. coli MG1655 also present in another E. coli, but absent from
other species of clade n; and having a match in a distantly related
species. The procedure was repeated to identify the HOPs in
clades n,, through n,.

Confirmation of ORFans and HOPs

Because the similarity among ORFs from more distantly related
clades may be overlooked by BLAST—a particular consideration
for quickly evolving genes—we verified the authenticity of each
of the clade-specific ORFans and HOPs by considering their ge-
nomic context and locations. For example, if an ORF was de-
tected via BLAST in multiple strains of E. coli but not S. enterica,
we visually searched the alignments of the Escherichia and the
Salmonella genomes for sequences showing any trace of similarity
using the Percent Identity Plots (PIPs; Florea et al. 2003) provided
on the EnteriX server (http://globin.cse.psu.edu/enterix). When
the corresponding regions displayed PIPs >50%, the candidate
ORFan was excluded from further analysis. Furthermore, because
it is possible for taxa within a clade to have acquired homologous
genes independently, analysis of gene context allowed us to de-
termine if clade-specific ORFans and HOPs had retained their
positions within genome, thus confirming their orthology. This
was conducted for all genes common to E. coli and Salmonella;
and those ORFs in different locations, or having different neigh-
boring genes, were eliminated. Although the stringency of the
criteria resulted in the removal of nearly 40% of the annotated E.
coli MG1655 ORFs from further analyses, this process allowed us
to identify clade-specific and native ORFs with a high degree of
certainty.

Compositional Features and Substitution Rates

For each class of genes (i.e., ORFans and HOPs in clades ny, n;, n,,
n;, and n,, and native ORFs ancestral to all y-Proteobacteria),
base composition was calculated over the entire gene and at each
codon position in E. coli MG1655, and for the orthologous genes
from S. enterica. For all E. coli and S. enterica orthologs, we calcu-
lated K, and K; by the method of Li (1997).
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