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Abstract

In bacteria, physiological change may be effected by a single gene acquisition, producing ecological differentiation without genetic
isolation. Natural selection acting on such differences can reduce the frequency of genotypes that arise from recombination at
these loci. However, gene acquisition can only account for recombination interference in the fraction of the genome that is tightly
linked to the integration site. To identify additional loci that contribute to adaptive differences, we examined orthologous genes
in species of Enterobacteriaceae to identify significant differences in the degree of codon selection. Significance was assessed using
the Adaptive Codon Enrichment metric, which accounts for the variation in codon usage bias that is expected to arise from
mutation and drift; large differences in codon usage bias were identified in more genes than would be expected to arise from
stochastic processes alone. Genes in the same operon showed parallel differences in codon usage bias, suggesting that changes in
the overall levels of gene expression led to changes in the degree of adaptive codon usage. Most significant differences between
orthologous operons were found among those involved with specific environmental adaptations, whereas "housekeeping” genes
rarely showed significant changes. When considered together, the loci experiencing significant changes in codon selection
outnumber potentially adaptive gene acquisition events. The identity of genes under strong codon selection seems to be
influenced by the habitat from which the bacteria were isolated. We propose a two-stage model for how adaptation to different
selective regimes can drive bacterial speciation. Initially, gene acquisitions catalyze rapid ecological differentiation, which modifies
the utilization of genes, thereby changing the strength of codon selection on them. Alleles develop fitness variation by substi-
tution, producing recombination interference at these loci in addition to those flanking acquired genes, allowing sequences to
diverge across the entire genome and establishing genetic isolation (i.e, protection from frequent homologous recombination).
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particular polypeptide and/or its influence on the accuracy of
translation (Plotkin and Kudla 2010).

Selection on synonymous codons produces systemic biases
in codon usage among the open reading frames (ORFs) found
in a genome, where the frequencies of certain codons increase
relative to their synonyms. Although codon selection is not
the only selective force that affects the nucleotide identity of

Introduction

The hallmark of bacterial adaptation to novel environments is
physiological differentiation, whereby evolved organisms in-
teract with their environments differently than did their an-
cestors. Such physiological differentiation often involves
change in biochemical activities as the result of gene gain,

gene loss, or the occurrence of mutations that change the
biochemical activities of existing gene products. These adap-
tive shifts can be readily identified as changes in gene inven-
tory (Ochman et al. 2000; Hacker and Carniel 2001) or as sites
showing evidence of positive selection for change (Nielsen
and Yang 1998; Suzuki and Gojobori 1999). However, explo-
ration of the novel ecological niches afforded by these
changes may also demand expression changes among genes
not involved in qualitative physiological adaptations. For ex-
ample, changes in the abundance of a familiar nutrient will
result in a concomitant change in the demand for the en-
zymes to metabolize that nutrient. Here, adaptation can
occur through synonymous changes affecting the nature of
MRNA/tRNA interactions. Such codon selection is common
in genes of both prokaryotic and eukaryotic taxa (Sharp et al.
1988), most likely due to the influence of codon identity on
the duration for which a ribosome is occupied synthesizing a

synonymous sites, it is the primary selective force in many
bacteria, with the less-preferred codons existing as a result of
mutation and genetic drift (Bulmer 1991). This bias increases
in tandem with the expression level of the gene (Ilkemura
1981), indicating stronger selection in these ORFs (Sharp
and Li 1987a,b). The genes encoding core physiological pro-
cesses often exhibit high frequencies of preferred codon usage
(Sharp and Li 1987b; Karlin and Mrazek 2000). Aside from
widely conserved, highly expressed genes (e.g.,, those encoding
ribosomal proteins), enrichment for preferred codon usage is
also seen in genes that are distinctive to particular groups of
bacteria (e.g, photosynthesis genes in cyanobacteria [Mrazek
et al. 2001]), indicating that codon selection acts beyond
those genes that are essential for all organisms. Although
differences in preferred codon usage have been noted
among orthologous genes (Karlin and Mrazek 2000), these
differences have not been examined quantitatively; therefore,
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the extent to which change in selection is responsible for such
differences is unknown. However, such changes are likely to
be common as differences in gene expression among lineages
may arise from either regulatory changes or simple environ-
mental changes, thereby resulting in different levels of codon
optimization in the orthologous ORFs.

We posit that the ecological changes resulting from gene
gain, loss, or modification will result in expression changes
among otherwise conserved genes, thereby altering the
strength of codon selection among them. Such changes in
codon selection have been difficult to evaluate since previous
statistics lacked a theoretical framework to evaluate the sig-
nificance of the differences in codon usage. We have devel-
oped a statistical technique that permits the comparison of
codon selection between orthologous genes (Retchless and
Lawrence 2011). This statistic, Adaptive Codon Enrichment
(ACE), scores each gene based on its codon composition, with
codons enriched in highly expressed genes having a higher
score. ACE incorporates information about the codon fre-
quencies of genes that experience little-to-no codon selection,
thus allowing the significance of ACE values to be evaluated in
the context of a null model of stochastic codon usage. Genes
showing no enrichment for the adaptive codons have an ACE
value of 0, and enrichment can be reported either as a z
statistic based on the standard deviation of the entire gene
(ACE,) or a length-normalized statistic that treats each codon
as a separate unit (ACE,). Critically, ACE places codon usage
bias in the context of a probabilistic distribution, measuring
the extent to which preferred codons are over-represented
relative to that expected from stochastic sampling of codons.
This method permits normalization both within and across
genomes, so that differences in codon usage bias between
orthologs can be examined robustly in light of the variance
expected from stochastic factors. Therefore, unlike other met-
rics of codon usage bias, ACE incorporates a method for
separating neutral variation in codon usage from potential
adaptations to ecological differences when comparing values
of different genes. In this way, we can evaluate how codon
selection has changed as bacteria evolved and identify those
genes for which relative expression level has increased or de-
creased during organismal diversification.

In this study, we use the Enterobacteriaceae as a model
group to examine how the changes in codon adaptation
among genes may reflect changes in gene deployment
during adaptation to different environments. The Enterobac-
teriaceae are a well-studied group of organisms that includes
species with lifestyles as different as commensals of poikilo-
therms, commensals of mammals and birds, pathogens of
mammals, pathogens of plants, and environmental
detritovores.

Materials and Methods

Genomes

Genome sequences for Citrobacter koseri ATCC BAA-895,
Citrobacter rodentium 1CC168, Cronobacter turicensis z3032,
Dickeya zeae Ech1591, Enterobacter cloacae ATCC 13047,
Enterobacter sp. 638, Erwinia amylovora ATCC 49946,
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Erwinia tasmaniensis Et1/99, Escherichia coli MG1655,
Escherichia fergusonii ATCC 35469, Klebsiella pneumoniae
78578, Klebsiella variicola At-22, Pectobacterium wasabiae
WPP163, Salmonella enterica Typhimurium LT2, Salmonella
enterica Arizonae 62:z4, Serratia proteamaculans 568, and
Yersinia enterocolitica 8081 were downloaded from NCBI
RefSeq; genes were identified using the annotation provided.
Sequences from the Human Microbiome Project (HMP)
were obtained from the HMP database at http://www.
hmpdacc.org.

Identification of Orthologs and Genes within Operons

Orthologous proteins were identified as reciprocal best Basic
Local Alignment Search Tool hits, which, when aligned,
showed greater than 70% amino acid identity across more
than 60% of their length. Genes unique to a genome were
identified as those lacking any homolog with greater than
40% amino acid identity. Operons in Escherichia coli were
delineated as described in the Database of Prokaryotic
Operon, version 2 (Dam et al. 2007). Conserved operons be-
tween species were identified as those shared more than 50%
of their genes.

Calculation of ACE

ACE was calculated as described (Retchless and Lawrence
2011). A reference set of genes reflecting little to no codon
selection was assembled from that 80% of each genome that
had the most typical di- and trinucleotide compositions; the
set of genes reflecting strong codon selection was assembled
from orthologs of 40 translation genes—tufA, tsf, fusA,
rplA-rplF, rpll-rplT, and rpsB-rpsT (Sharp et al. 2005). The
value of each codon is the logarithm of the ratio of its fre-
quency (relative to its synonyms) in the set of translation
genes to its frequency in the reference set; the value for
each gene is the sum of the values of the constituent
codons, normalized for variation among synonymous
codons. The stochastic variation in codon composition was
modeled as though the codons in each gene were sampled
(with replacement) from a pool of codons with a composition
identical to that of all genes with orthologs in each of the
genomes in the analysis, as described previously (Retchless
and Lawrence 2011). ACE, is normalized to the stochastic
variation for the entire gene, whereas ACE,, is length normal-
ized by accounting for the variation of each codon
individually.

Comparison of ACE across Genomes

The distributions of ACE,, values were scaled to the distribu-
tion in E. coli by way of a second-order polynomial regression
among orthologs, which accounted for the nonlinearity of the
crossgenome relationship without overfitting (supplementary
table S1, Supplementary Material online). When ACE,, values
were scaled for crossgenome comparisons with second-order
polynomial regressions, the stochastic variance of the null
model was scaled according to the slope of the tangent line
at the point defined by that ACE,, value. When ACE values for
operons were compared between species, only the values for
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orthologous genes were considered. Differences between the
ACE values of genes were calculated using a two-tailed z test.

Correlations of ACE Values within Operons

We tested the null hypothesis that ACE,, values are indepen-
dent among genes within operons by means of analysis of
variance (ANOVA) between groups, with the F statistic rep-
resenting the extent that variance between operons exceeded
the variance within operons. The likelihood of obtaining the
observed F value was evaluated with the F distribution. An
alternative evaluation was performed by randomly assigning
ACE, values (or the ACE, differences between orthologs) to
operons and testing whether the observed F value exceeded
the value resulting from random assignment; this method
confirmed the significant results obtained with the F
distribution.

Phylogeny Construction

Phenetic relationships between 17 enteric species were con-
structed on orthologous genes shared among all taxa using
the neighbor-joining algorithm (Saitou and Nei 1987). Protein
sequence difference was measured as the average divergence
at nonsynonymous sites (Yang and Nielsen 2000), weighted
by gene length. Difference in patterns of codon selection was
measured as the Euclidian distance between ACE, values as
represented by the first nine principal components of a PCA
performed on all 17 genomes. Bootstrap support for nodes on
the dN and ACE dendrograms was calculated using 1,000 and
100 resamples by genes, respectively.

Cladistic relationships between eight enteric taxa were
constructed using maximum likelihood by PhyML (Guindon
and Gascuel 2003). The similarity of individual gene phylog-
enies to the consensus species phylogeny was assessed using
the Shimodaira—Hasegawa test (Shimodaira and Hasegawa
1999) implement by PAML (Yang 2007). The species phylog-
eny was constructed using a polychotomy of the Salmonella,
Escherichia, and Citrobacter lineages as these nodes are not
resolved by virtue of intraspecific recombination during spe-
ciation (Retchless and Lawrence 2010).

Tetrad Analysis of Human Microbiome Genomes

In this analysis of the relationship between bacterial niche and
ACE, profile, informative tetrads are limited to those where
the phylogenetic pairing is different from the pairing that
arises from either the site of isolation or the ACE, profile.
The alternative outcomes are that the pairing from the
ACE, profile either matches or conflicts with the pairing
based on isolation site. This reflects the fact that there are
three possible pairings of genomes within a tetrad, and one of
those configurations is excluded as noninformative due to it
being occupied by the pairing that reflects phylogeny.
Significance is assessed by a one-tailed binomial test.

Results

Codon Selection Reflects Environment of Expression

Codon compositions of genes may reflect their roles in cellu-
lar metabolism, whereby genes with certain functions use

preferred subsets of codons. Alternatively, codon composi-
tion may reflect adaptations to their degree of expression in
the specific environments wherein they are used. If so, then
difference in codon composition among metabolically analo-
gous genes within a genome should be correlated based on
the environmental conditions that stimulate their expression.
To test this prediction, we compared pairs of genes and op-
erons in the E. coli chromosome whose products perform the
same physiological function but are expressed preferentially
under either aerobic or anaerobic conditions (fig. 1).

We examined the gene pairs encoding subunits of succi-
nate dehydrogenase (sdh) or fumarate reductase (frd), cyto-
chrome oxidase bo (cyo) or bd (cyd), pyruvate dehydrogenase
(ace) or pyruvate formate lyase (pfl), proteins responsible for
ubiquinone (ubi) or menaquinone (men) biosynthesis, or the
constitutive (narZWY) or inducible (narGHI) respiratory ni-
trate reductase. In addition, we consider the alternative metE
and metH methionine synthase genes in the closely related
bacterium S. enterica; unlike, E. coli, Salmonella synthesizes
coenzyme B, de novo under anaerobic conditions, allowing
greater use of the B;,-dependent MetH enzyme anaerobically.
This comparison was performed using the ACE, statistic,
which is normalized to the length of the ORF.

In all cases, codon usage bias was more pronounced in the
genes expressed primarily under anaerobic conditions, whose
relatively larger ACE,, values lay significantly to the right of the
diagonal in figure 1. As the same physiological function is
performed by each encoded protein within any pair, we sur-
mise that the influence of ecological conditions on gene ex-
pression—rather than simply the cellular roles—shapes
codon usage bias in their cognate genes. Therefore, changes
in these conditions among bacterial species could lead to
changes in codon selection among orthologs.

0.6 0.8

&)
ACEU of Genes Used Anaerobically

Fic. 1. ACE, values for Escherichia coli gene pairs with similar functions
expressed under aerobic or anaerobic conditions. Homologous gene
pairs (anaerobic gene first): frdA/sdhA, frdB/sdhB, frdC/sdhC, frdD/
sdhD, narG/narZ, narH/narY, and narl/varV; analogous operon pairs:
¢ydAB/cyoABCD, plfB/aceEF, menABCDEFH/ubiABCDEFGH, and metH/
metE. All values are for E. coli genes (black points) except the
Salmonella enterica Typhimurium metHE genes (gray point). Error
bars represent 1 standard deviation.

ACE, of Genes Used Aerobically
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Degree of Codon Selection on Orthologous Genes Is
Not Uniformly Conserved across Genomes

ACE was designed to respond to the magnitude of codon
selection acting on an ORF, being normalized to both the
codon frequencies that are typical of each genome and the
amino acid composition of individual genes. Consequently,
it is well suited for crossgenome comparisons, and the ACE
values of orthologs should be strongly correlated if ortho-
logous genes in two genomes experience similar levels of
codon selection. Weak correlation between genomes may
indicate a reallocation of selective power among ORFs, and
large differences between the values of an orthologous pair
(after accounting for genome-wide differences in total
codon selection) may reflect differences in the relative
magnitude of codon selection acting on those two
orthologs.

For an initial examination of these relationships, we iden-
tified genes shared between E. coli, S. enterica, and D. zeae and
compared the ACE, values of the orthologs (fig. 2). ACE, re-
ports the ACE in terms of the standard normal distribution
that would be expected for each gene if the codons for its
amino acids were sampled from the genome-wide relative
frequencies of synonymous codons (Retchless and
Lawrence 2011). Strong correlations of the ACE, values are
observed when E. coli genes are compared with their ortho-
logs in Salmonella (R =0.904, fig. 2A) or Dickeya (R =0.791,
fig. 2B). Thus, highly biased genes that experience strong
codon selection in one genome are generally likely to be
highly biased in related genomes. This is not surprising, as
the expression patterns of most genes would be constrained
by their cellular roles (eg, ribosomal proteins or
two-component sensor proteins) and general ecological sim-
ilarity between taxa (Karlin and Mrazek 2000). However, there
are also genes which differ in their degree of codon usage bias,
evident by genes which lie significant distances from the
central trend. Such relationships are observable both in the
closely related and ecological similar pair of E. coli and
S. enterica (fig. 2A) and in the more distantly related and
ecologically different pair of E. coli and D. zeae (fig. 2B),
which have a lesser overall correlation among orthologs. So,
similar to analogous genes in the same species (fig. 1), homol-
ogous genes in different species show evidence for differences
in codon selection.

Changes in Codon Selection Are Shared among Genes
within Operons

Changes in codon selection should affect coregulated genes in
a similar manner. Bacterial operons represent intimately
coregulated clusters of genes, as they are coexpressed from
a common promoter. We predict that the degree of codon
usage bias (measured by ACE,) will be correlated among
genes in the same operon due to their expression patterns
being correlated. Moreover, if evolutionary changes in codon
usage bias reflect changes in codon selection arising from
gene expression, then differences in ACE, values between
orthologs should be correlated among genes in the same
operon.
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Fic. 2. Scatterplot showing the ACE, values for orthologous genes
shared among Escherichia coli, Salmonella enterica Typhimurium, and
Dickeya zeae.

For this analysis, we expanded the data set to include
eight species of enteric bacteria, for which we could identify
2,235 orthologous genes shared among all eight genomes.
This set provides a balance between a large sample of diverse
genomes and a large set of orthologous genes present in all
genomes. Differences between species in the overall strength
of selection result in some genomes exhibiting a greater range
of ACE, values than others (Retchless and Lawrence 2011).
Therefore, comparisons between genomes required that
the values be scaled by regression. As the relationship in
ACE,, values among orthologs exhibited some curvature, re-
flecting differences in the overall degree of codon selection
within each genome, a second-order polynomial equation
was used for regression (supplementary table S1, Supplemen-
tary Material online). Following these adjustments, Pearson
correlations between genomes ranged from 0.80 to 0.96, with
more closely related taxa generally showing stronger correla-
tion (supplementary table S2, Supplementary Material
online).

To test the prediction that codon bias of genes in the same
operons are correlated, we performed an ANOVA on the 442
E. coli operons that contained two or more genes with ortho-
logs in each of the eight genomes, thereby including 1,285 of
the 2,235 orthologous genes present in the eight genomes.
In all genomes we examined, variability in ACE, was much
smaller within operons than would be expected from ran-
domly chosen gene sets, with P values for the ANOVA ranging
from 107>% to 10~ % (table 1, values on the diagonal). This
reflects the relatively similar expression levels of genes within
the same operon, despite some genes being transcribed from
multiple promoters and the mRNA of cotranscribed genes
decaying at different rates.
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Table 1. Likelihood of Observing the Actual Level of Variation between the Mean ACE, Values (or differences between orthologs) of 442 Operons
Shared among Eight Genomes if the 1,285 Constituent Genes Were Randomly Distributed among Operons.

Cro® Ctu Ecl Eco Efe Sty Saz Cko
Cro 3.42E-77° 5.59E-05¢ 1.21E-07 1.12E-07 2.5E-11 4.86E-05 3.77E-3 4.11E-3
Ctu 2.39E-96 1.48E-05 7.59E-22 4.24E-27 3.83E-14 6.34E-10 3.08E-13
Ecl 3.08E-61 1.88E-10 1.45E-17 1.36E-08 2.22E-05 5.55E-10
Eco 5.76E-52 6.34E-04 1.37E-04 2.75E-05 4.46E-3
Efe 9.14E-52 6.21E-05 1.07E-05 2.17E-06
Sty 8.58E-78 1.81E-01 1.51E-01
Saz 4.24E-74 0.53803
Cko 2.03E-62

*Taxa are Cko, Citrobacter koseri; Cro, Citrobacter rodentium; Ctu, Cronobacter turicensis; Ecl, Enterobacter cloacae; Eco, Escherichia coli; Efe, Escherichia fergusonii; Sty, Salmonella

enterica Typhimurium; and Saz, Salmonella enterica Arizonae.

®Values on the diagonal report P values of the ANOVA F statistic testing for similarity among ACE,, values for genes in the same operon. Significant values indicate clustering of

genes with similar ACE,, values.

“Values off the diagonal report P values of the ANOVA F statistic testing for differences in the ACE, values for cognate operons in different species. Significant values indicate a

change in the ACE, value between species.

Next, the change in ACE, was examined among the ortho-
logous genes in each pair of genomes. If differences in ACE,
between genomes simply reflect stochastic change, then dif-
ferences among genes within operons would be independent
from one another, with equal numbers of genes showing an
increase or decrease in ACE,. Alternatively, if change in ACE,
reflects change in codon selection, then differences should be
correlated among genes in the same operon, such that con-
stituent genes either increase or decrease in ACE, en masse
relative to their respective orthologs. An ANOVA shows that
changes in ACE, among genes within the same operon are
significantly correlated (table 1, off-diagonal values). As ex-
pected, values are least significant between closely related
species pairs such as E. coli and E. fergusonii (P=10"") and
Salmonella serovars Typhimurium and Arizonae (P=10""),
both because ecological differences are only beginning to de-
velop and because few synonymous changes have arisen to
produce a signal. In contrast, more distantly related species
pairs show strong correlations in differences among genes in
the same operon, with P values ranging up to 10> (table 1);
these correlations were upheld when a larger group of 17 taxa
was examined (supplementary table S3, Supplementary
Material online).

There are caveats to interpreting the ANOVA results. First,
operons have different sizes, ranging from 2 to 15 genes.
However, similar results are obtained when examining op-
erons with only two, only three or at least four genes (data
not shown), suggesting that this did not influence the results.
In addition, groups have different amounts of variance as
assessed by Levene’s F (data not shown). To address this
issue, we converted ACE, differences to ranks. The resulting
rank ANOVA showed comparable results as well (data not
shown). Finally, the low likelihoods of these results under the
null model were confirmed by randomly reassigning genes to
operons 100 times (see Materials and Methods). These data
confer high confidence to the conclusion that the degree of
codon usage bias changes in parallel among genes in the same
operon, indicating that the differences in ACE, values among
genomes reflect changes in gene deployment over evolution-
ary time.

Some Operons Show Strong Change in Codon
Selection

Although table 1 presents that ACE,, values for genes in the
same operon change in concert, these changes may be
modest and may not explain the genes with large differences
in ACE, between species (fig. 2). To examine whether operons
exhibited significant changes in codon selection as units, we
assessed the magnitude of change in ACE,, values among 523
orthologous operons in eight genomes of enteric bacteria
(figs. 3 and 4); values for operons were calculated as though
their constituent genes were a single coding sequence.

In general, the pattern among orthologous operons mir-
rors that seen among orthologous genes (fig. 2), with some
operons showing substantial differences between genomes
(figs. 3and 4A) even as codon adaptation is broadly conserved
(figs. 3 and 4B). The operons showing little change across
species (fig. 4B) encode functions that are not expected to
change relative importance—e.g, transcription, translation,
protein translocation, and ATP generation—among organ-
isms dwelling in different environments. In contrast, others
show dramatic changes in the relative degree of codon bias
across genomes (fig. 4A). Although the functions of some
operons are unknown, several operons showing substantial
change in codon usage have known physiological functions.
For example, rha genes, responsible for rhamnose degrada-
tion, are more highly biased in the two Salmonella genomes.
This is not surprising as Salmonella synthesizes coenzyme B,
de novo, allowing it to degrade 1,2-propanediol, a byproduct
of rhamnose degradation; therefore, rhamnose utilization
may provide a greater benefit in Salmonella than in other
bacteria.

No simple rules describe the differences among genomes
(figs. 3 and 4); sometimes one operon shows evidence of
codon adaptation (red), whereas the cognate operons do
not (blue), sometimes the opposite is seen, and sometimes
the cognate operons show a more even distribution of high
and low ACE,, values. The two S. enterica genomes tend to be
similar, as do the two Escherichia genomes, yet substantial
differences are sometimes apparent even among these pairs
of closely related genomes.
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Fic. 3. Heat map of ACE, values for operons containing orthologous genes in eight species of enteric bacteria: Escherichia coli, Escherichia fergusonii,
Salmonella enterica Typhimurium, Salmonella enterica Arizonae, Citrobacter koseri, Citrobacter rodentium, Enterobacter cloacae, and Cronobacter
turicensis. ACE, values were scaled to E. coli, and operons were sorted by their average ACE, across all eight genomes; values < 0.05 are shaded
blue, whereas values > 0.05 are shaded red; darker colors represent more extreme values.

Changes in Codon Usage Bias between Genomes Are
Significant

The orthologs within some pairs of genomes have strong
correlations in their ACE, values (fig. 2A; supplementary
table S2, Supplementary Material online), whereas the

3674

correlations are weaker for other pairs of genomes (fig. 2B),
suggesting that some pairs of genomes have greater differ-
ences in their codon adaptation profiles than others. To
quantify these differences in terms of discrete locus-specific
changes (rather than diffuse variation in all genes), we tested
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Genome

Operon E. coli Genes Description Eco Efe Sty Saz Cko Cro Ecl Ctu Mean
4004  flgBCDEF Flagellum biosynthesis 0.029
4046  ogt,abgTBA Glucan biosynthesis -0.063 -0.160
4143 otsAB Trehalose biosynthesis 3 £ 0.036 -0.133
4138 flhEAB Flagellum biosynthesis [ 0220 -0152 -0126 -0118 -0126 -0.415 -0.055 0015  -0.112
4030 oppBCDF Oligopeptide transport -0.097 -0.141 -0.156 -0.165 -0.130 -0 -0.008  0.049 -0.105
4584  ybar unknown § -0.054 -0.049 -0.072 0.022 -0.084 -0.104
4238 yfeCD Conserved regulator -0.006 -0.118 -0.179 0.132 -0.077 -0.102
3997 ymdBC Conserved hydrolase -0.006  0.021 -0.102 -0.022 | - . -0.002 -0.094
4073  marRAB Multiple antibiotic resistance  -0.043 = -0.163 -0.093 -0051 -0.060 0027 -0.060 -0.154 -0.075
4521  rbskR Ribose utilization 0.024 -0.068 -0123 -0155 -0.132 0.041 -0.048 -0.056 -0.065
4152 fliLMNOPQR Flagellum biosynthesis -0.109 -0.166 -0.054 -0.070 -0.085 -0.028 -0.048 0.068 -0.061
4139  cheZYBR tap,tar Chemotaxis -0.113 | -0181 -0.044 -0038 -0.032 -0047 -0.052 0032 -0.059
4535 ratABCD Twin arginine translocation -0.068 -0.024 -0.105 -0.083 -0.047 0037 -0.061 -0.004 -0.045
4511  yieH,chrBC Calicin tolerance 0.151 0.072 -0.153 0139 -0.112 -0.053 -0072 -0.028 -0.042
3960 artMaiP Arginine transport -0.024 -0.040 -0071 -0.027 0020 -0.026 -0.030 -0.111 -0.039
4171  wze,wzb,wza LPS Translocation 0.005 0.020 -0.087 -0.050 -0.048 -0.028 -0.028 0.071 -0.023
4003  flghm Flagellum biosynthesis -0.022 -0129 -0146 -0.127 -0.010 0.024 0.075 0.152 -0.023
4005  flgGHUKL Flagellum biosynthesis -0.065 -0.074 -0.048 -0.033 -0008 -0.032 -0.011 0171 -0.013
3877 glnK,amtB Nitrogen assimilation -0076 -0.063 -0.063 -0.072 0057 -0.056 0.142 0.052 -0.010
4012  potDCBA Polyamine transport 0.056 0.049 -0.022 -0052 0.033 0.010 -0.044 -0.077 -0.006
4306 norVW No reductase -0.073 -0.067 0.024 0.058 0.103 0.013 -0.001 -0.058 0.000
4149 fliDST Flagellum biosynthesis -0.103 -0.104 0.025 -0.004 0.007 0.052 0.017 0.140 0.004
4386  yqjCDEK Conserved inner membrane -0.039 -0.101 0.058 0.077 0.071 -0.011  0.049 -0.030 0.009
4553  rhoAB Rhamnose utilization -0.129 -0.078 0.124 0.147 0.045 0.037 -0.013 -0.030 0.013
4308  hyclHGFEDCB Hydrogenase C 0.092 0.123 0.101 0.095 0.039 0.003 -0.091 -0.101 0.033
3925  potE,spef Polyamine synthesis 0.030 0.080 0.175 0.160 0.082 -0.005 -0.050 -0.133 0.042
3894  purkE Purine biosynthesis 0.138 0.146 -0.048 -0.020 0.097 0.068 0.124 0.113 0.077
4559  gldA,fsaB,ptsA Central metabolism 0.248 0312 0.095 0.076 0.029 0102 -0.036 -0.036 0.099
4384  uxaAC Uronate degradation -0.082 -0.077 0116 0.190 0.064 0.151 0.139
4629 uxuAB Mannonate degradation 0.208 0.245 0.080 0.091 0.014 0.000 0.188

B

3953 aaA,gsiABCD  ABC transporter -0.168 -0.175 -0.194 -0.185 -0.192 -0.183 -0.167  -0.183
4088 rstAB Two-component signalling -0.150 -0.165 -0.143 -0.136 -0.163 -0.118 -0.136 -0.142
3926  kdpEDCBAF Pottasium transport -0.131 -0.100 -0.141 -0.122 -0.135 -0.130 -0.111 -0.126
4331  recDB,ptrA DNA repair -0.103 -0.106 -0.132 -0.136 -0.113 -0.118 -0.084 -0.114
3903 entCEBA,ybdB Enterochelin biesynthesis -0.092 -0.086 -0.107 -0.099 -0.087 -0.084 -0.061 -0.090
4529  hemYXDC Heme biosynthesis -0.058 -0.035 -0.036 -0.048 -0.019 -0.032 -0.039 -0.040
3814 fhuACDB Iron-hydroxamate transport -0.013  -0.058 -0.032 -0.002 -0.025 -0.024 -0.017 -0.024
4493  rfaDFCL Core LPS biosynthesis -0.010 -0.018 -0.034 -0.011 -0.009 0.017 -0.008 -0.013
4526  ilvMEDA Amino-acid biosynthesis 0.101 0.092 0.062 0.086 0.067 0.080 0.071 0.078
3931 sdhCDAB Succinate dehydrogenase 0.157 0167  0.149 0.130 0.145 0.128 0.160 0.150
3872 cyoEDCBA Cytochrome oxidase 0.198 0.184 0.185 0.179 0.176 0.213 0.182 0.191
3803 secMA Protein translocation 0.221 0.164 0.206 0.218 0.176 0.198 0.248 0.209
4516 atpCDGAHF FgF; ATP synthase
4569 rpoBC Transcription
4436  tufA fusA,rpsGL  Translation
4417 rpslrpiM Translation

Fic. 4. A subset of the operons presented in figure 3. (A) Operons with variable levels of codon selection across genomes. (B) Operons with relatively
constant levels of codon selection across genomes. Operon numbers correspond to those presented in Dam et al. (2007).

for significant differences in ACE, values between cognate
operons in pairs of genomes. The sampling distributions of
ACE statistics are approximately normal, and the variance can
be expressed analytically (Retchless and Lawrence 2011). The
consolidation of genes into operons increases the number of
synonymous codons incorporated into each test of statistical
significance, while decreasing the overall number of tests per-
formed and summarizing changes according to the shared
physiological function of each operon.

For each of the 28 pairs of genomes that can be drawn
from our set of eight taxa, we enumerated the operons with
significant differences in ACE, values (P < 0.01, two-tailed Z

test; supplementary table S4, Supplementary Material online),
normalizing the number of operons as a fraction of the 523
operons examined (fig. 5). Given a significance value of 0.01,
we expect 1% of the operons to show this degree of change as
the result of simple stochastic variation; this is represented by
the dark horizontal line in figure 5. The majority of genome
comparisons show a large excess of operons with significant
change in ACE, values at P < 0.01. Therefore, we conclude
that substantial fractions of these bacterial genomes have
experienced changes in codon selection relative to each
other, reflected in the significant changes in ACE, values.
This conclusion is upheld when one examines changes at
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Fic. 5. Excess of operons showing significant change in codon selection. The fraction of operons showing differences significant at P < 0.01 is plotted for
pairwise comparisons among Escherichia coli, Escherichia fergusonii, Salmonella enterica Typhimurium, Salmonella enterica Arizonae, Citrobacter
rodentium, Citrobacter koseri, Enterobacter cloacae, and Cronobacter turicensis. The horizontal line represents the expected fraction that will occur
by change alone (1% of the operons). Values were scaled by polynomial regression.

either more stringent (P < 0.002) or less stringent (P < 0.05)
significance thresholds (supplementary table S4, Supplemen-
tary Material online). The exceptions to this trend are not
surprising: comparison among closely related genomes (e.g,
the two Escherichia species or the two Salmonella species) fail
to detect an excess of operons that have changed ACE,, values
significantly. Here, insufficient time has elapsed for significant
differences in codon usage to become manifested.

Alternative explanations could account for significant dif-
ferences in codon usage between orthologous genes, con-
founding the above examination of differences in codon
selection. However, none of the factors that are likely to
strongly influence codon composition can explain the wide-
spread observation of significant changes in ACE,, as will be
discussed after examining the implications of changes in
codon selection among orthologs.

Adjustment to Changes in Codon Selection Saturates
within the Enterobacteriaceae

Over time, change in codon selection will lead to change in
codon usage, as an increase in selection will result in use of
preferred codons or relaxation of selection will allow for fix-
ation of nonpreferred codons. Genes in relatively closely re-
lated genomes rarely show significant changes in codon usage
(fig. 5). This is expected both because of the ecological sim-
ilarity in closely related taxa—thus fewer opportunities for a
change in expression regimes to produce changes in codon
selection—and because there has been less opportunity for
adaptive changes to accumulate. One would predict that, at
least within bacterial families, the number of genes showing
significant changes in codon selection to increase as phyloge-
netic distance increases.

To test the extent to which codon selection can change,
we calculated the fraction of 523 operons showing significant
differences in codon usage among eight enteric bacteria
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(supplementary table S4, Supplementary Material online).
The overall similarity among these genomes was assessed
by either average nucleotide identity or divergence at
nonsynonymous sites (K,) among orthologous genes (Li
et al. 1985). As expected, the fraction of operons showing
significant changes increased robustly with phylogenetic dis-
tance (fig. 6A and B). When one expands the data set to 17
organisms to include more distantly related taxa, smaller
numbers of operons are shared among all genomes.
Although these data are thus noisier, the fraction of the
391 shared operons that shows significant change in codon
usage still increases with phylogenetic distance to a point but
then does not increase further (fig. 6C and D); this is evident
using either metric of genome distance. This may represent a
limit to the extent that codon adaptation profiles can change,
which would be expected to occur for two reasons. First,
following the initial divergence of the magnitude of codon
selection on orthologous operons, the level of selection could
subsequently converge, thereby reducing this difference.
Second, there may be a limit to the number of operons
that can show significant change, as some operons may be
consistently highly expressed (e.g, those encoding ribosomal
proteins) or weakly expressed.

Relative Contribution of Codon Selection to
Speciation

The genetic cohesion of bacterial species may be ascribed to
recombination (Dykhuizen and Green 1991), whereby variant
alleles are purged and genotypic similarity among strains is
maintained. Adaptive changes between lineages contribute to
recombination interference, whereby recombinants that lose
adaptive changes are counterselected, maintaining the geno-
typic differences between ecologically distinct classes
(Lawrence and Retchless 2009, 2010). This eventually leads
to bacterial speciation, where genetic isolation has been
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Fic. 6. The fraction of operons with significant changes in codon selection increases with phylogenetic distance. (A, B) Pairwise values are reported for
Escherichia coli, Escherichia fergusonii, Salmonella enterica Typhimurium, Salmonella enterica Arizonae, Citrobacter rodentium, Citrobacter koseri,
Enterobacter cloacae, and Cronobacter turicensis. (C, D) Pairwise values are reported for E. coli, E. fergusonii, S. enterica Typhimurium, S. enterica
Arizonae, C. rodentium, C. koseri, E. cloacae, Enterobacter sp. 638, C. turicensis, Dickeya zeae, Klebsiella varicola, Klebsiella pneumoniae, Pectobacterium
wasabiae, Erwinia amylovora, Erwinia tasmaniensis, Yersinia enterocolitica, and Serratia proteamaculans.

imposed at all loci around the chromosome (Lawrence 2002;
Retchless and Lawrence 2007, 2010). A major influence on
bacterial adaptation has been attributed to genes acquired by
lateral gene transfer, whereby introduced genes impart novel
physiological functions (Ochman et al. 2000; Hacker and
Carniel 2001). Regions first experiencing genetic isolation be-
tween incipient species have been associated with the acqui-
sition of genes by lateral transfer (Retchless and Lawrence
2007), suggesting that acquisition of adaptive, physiological
differences can drive genetic isolation. Above, we demon-
strate that some genes experience significant changes in
codon selection. Here, we assess the potential contribution
of these adaptive changes to genetic isolation.

To examine the relative contributions of adaptation by
gene gain versus adaptive change in codon selection, we com-
pared the genomes of the well-studied enteric bacteria E. coli
and S. enterica Typhimurium. We enumerated 125 acquired
genes that play likely adaptive roles in E. coli by identifying
genes present only in E. coli and E. fergusonii but absent from
other enteric bacteria. A similar set of 55 adaptive genes in
Salmonella were identified as those restricted to serovars of
Salmonella. A set of 665 shared operons was examined for
significant changes in codon selection between these two
species; dozens of operons were identified with change in
ACE, values beyond those predicted by stochastic factors

alone (supplementary table S5, Supplementary Material
online), with the number dependent on the prescribed sig-
nificance value. In addition, many individually transcribed
genes also showed significant changes in codon selection
(supplementary table S5, Supplementary Material online).

The positions of putative adaptive differences between
Escherichia and Salmonella genomes were plotted along the
E. coli chromosome (fig. 7); positions of genes gained in
Salmonella are assigned to the positions of adjacent, ortholo-
gous genes in E. coli. Recombination events are counterse-
lected in the region of DNA around an adaptive locus as these
events would affect the adaptive locus itself. Previous analyses
have estimated these zones of recombination interference
both by finding regions of similar time of divergence
(Retchless and Lawrence 2007) and regions with similar phy-
logenetic history (Retchless and Lawrence 2010); both esti-
mates place the upper boundary of the zone of
recombination interference at about 20 kb. When considering
a range of sizes for this zone (fig. 7), a large portion of the E. coli
chromosome could be protected from recombination by
either adaptive gene gains or adaptive changes in codon
usage between lineages.

We have not considered potentially adaptive gene loss
events for two reasons. First, these events may be recent,
independent events in multiple lineages within a bacterial

3677


http://mbe.oxfordjournals.org/cgi/content/full/mss171/DC1
http://mbe.oxfordjournals.org/cgi/content/full/mss171/DC1
http://mbe.oxfordjournals.org/cgi/content/full/mss171/DC1
http://mbe.oxfordjournals.org/cgi/content/full/mss171/DC1

Retchless and Lawrence - doi:10.1093/molbev/mss171

MBE

l
Al | LR 1N LT VA A

I e NI W WImlE
o || I DWLALION W | I N
0.05 | | LI 1)

A
HT Il Il AN AN NI N
oce il NN D | 1N
I AL AN |
I 1 L]

. i
CHEETTIT T
0.0 05 10

= o
=

All

| R TR 0]
N 0 N 0 0 1 10
W

I , .| Al W I
00 N O T B R
1.5 2.0 3.0

0

@f

.
LTI
11 1|

WA
| M Emil N
g WA 0 O
TRl s
[0 LAV T 1 70

5 4.0 4.5

AL R
| |

a4 oL

8U0Z U0}98]0Id

N il (NN
I I I
l ||
1N
3.

@02

25

Position on the Escherichia coli Genome (MB)

Fic. 7. Locations of loci inferred to show adaptive change in the divergence of Escherichia coli and Salmonella enterica. Data are presented in three tiers,
each with four lanes. Lane 1 shows horizontally transferred genes present in both E. coli and Escherichia fergusonii (red) or both S. enterica Typhimurium
and S. enterica Arizonae (blue) but absent from other enterica bacteria; Salmonella loci are plotted by their cognate position on the E. coli chromosome.
Lane 2 shows operons that show significant change in ACE,, values at P < 0.002 (blue), P < 0.005 (red), P < 0.01 (green), or P < 0.02 (magenta); ACE
values were normalized by polynomial regression (see text). Lane 3 shows operons that show significant change in ACE, values at P < 0.05 (red). Lane 4
shows all adaptive loci. Tier 1 shows adaptive loci alone; tier 2 shades 10 kb of flanking DNA on both sides of each adaptive locus; and tier 3 shades 20 kb

of flanking DNA.

taxon. Second, deletion events may have been neutral or
deleterious. The irreversible nature of gene losses makes
their interpretation as adaptive changes more complex
than the retention of a protein-coding gene, and subsequent
selection against nonsynonymous substitutions following its
introduction.

To estimate the relative contributions of adaptive gene
gains and adaptive changes in codon selection, we must rec-
ognize that some of the loci shown in figure 7 show a large
difference in ACE, values by chance alone (fig. 5; supplemen-
tary tables S4 and S5, Supplementary Material online). The
fraction of genes with large, yet effectively neutral, change
increases as the stringency for their identification decreases
(supplementary tables S4 and S5, Supplementary Material
online). To model recombination interference, we must eval-
uate only a subset of the genes and operons that are puta-
tively involved in adaptive differences, such that their number
corresponds to the number that cannot be accounted for by
chance alone (supplementary table S5, Supplementary
Material online). To do this, the appropriate numbers of
genes and operons were chosen at random, and the percent
of the genome affected by recombination interference was
calculated; this was repeated 500 times, and the mean fraction
of the genome protected was calculated for windows of re-
combination interference ranging from 0 to 25 kb (fig. 8).

We identified 180 potentially adaptive genes acquired by
lateral transfer; considered alone, these genes cannot mediate
recombination interference across the entirety of the chro-
mosome (fig. 8, dashed line). There are long regions that lack
genes recently acquired by lateral transfer. Because the win-
dows for recombination interference are limited to ~20 kb,
genetic isolation of regions far from sites of gene acquisition
can be attained by one of two mechanisms. First, the zone of
recombination interference could spread from the site of
gene acquisition (Lawrence 2002); here, lack of recombination
adjacent to sites of insertion leads to the accumulation of
substitutions, which themselves provide recombination
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interference. This would be a very slow process, regardless
of the strength of recombination interference adjacent to
sites of gene insertion.

Alternatively, recombination interference could be pro-
vided by additional adaptive differences, which lie far from
sites of gene gain, such as ancestral loci experiencing signifi-
cant changes in codon selection. Although laterally trans-
ferred genes (dashed line) leave large portions of the
chromosome initially unaffected by recombination interfer-
ence, reasonably complete coverage is provided by the com-
bination (black line) of both laterally acquired genes and
genes with adaptive changes in codon usage (gray line).
Interestingly, the fraction of the genome affected by genes
with adaptive change in codon selection far exceeds the frac-
tion affected by laterally acquired genes. Therefore, we con-
clude that adaptive changes in codon selection could not only
play a role in speciation but could be major drivers of recom-
bination interference, and thus genetic isolation, during bac-
terial speciation. In addition, this disparity may be
underestimated for two reasons. First, some foreign genes
were likely gained relatively recently, after genetic isolation
between E. coli and S. enterica had been achieved, overesti-
mating the contribution of this set of genes to recombination
interference. Second, the number of operons with adaptive
changes in codon selection is also underestimated, as those
arising in the latter stages of genetic isolation between E. coli
and S. enterica would share similarity due to their relatively
recent separation and would not be recognized as having
sufficient numbers of changes.

Codon Selection as a Marker for Ecological Similarity

The degree of codon selection experienced by a gene reflects
its relative degree of expression, a measure of its relative im-
portance in the genome—both in terms of nutritional re-
sources dedicated to producing its product and the fitness
benefit of optimizing its production. The results above show
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Fic. 8. Contributions of classes of adaptive loci toward recombination
interference. Recombination interference was modeled on both sides of
loci of gene insertion and loci showing adaptive changes in codon se-
lection. For the latter, only the fraction of genes beyond those expected
by chance are consider; values represent the mean of 500 iterations
randomly selecting the identities of genes with potentially adaptive
change in codon selection.

that the degree of codon selection on individual genes can
change between species (fig. 5) and that the number of genes
showing significant change in codon selection increases with
phylogenetic distance (fig. 6). However, these changes should
reflect overall ecology (e.g, fig. 1). Therefore, once synony-
mous sites have experienced sufficient change, the overall
patterns of codon selection should allow insight into the
ecological similarities between genomes. Genomes of closely
related organisms that acquire dissimilar patterns of codon
selection rapidly may have exploited substantially distinct
ecologies. In contrast, more distantly related genomes that
converge on similar patterns of codon selection among their
shared orthologs may be exploiting similar ecologies.

To examine this, we looked at overall similarity in codon
selection among 1,460 genes shared among 17 species of en-
teric bacteria. We examined the similarity in codon selection
patterns by principal components analysis; a neighbor-joining
tree was constructed using the Euclidean distance between
the first nine principal components of ACE, values (fig. 9B);
this captured clustering of genes by similarity in codon selec-
tion but avoided the noise of the weakly contributing dimen-
sions. To retain methodological similarity, we evaluated
phylogenetic relationships as a neighbor-joining tree using
average divergence at nonsynonymous sites (fig. 9A).
Comparison of these topologies show some expected simi-
larities. Closely related taxa (species of Escherichia, Salmonella,
Erwinia, Enterobacter, and Klebsiella) cluster as sister lineages
in both analyses. However, two species of Citrobacter are well
separated when considering codon selection (fig. 9B, arrow
A), and their separation is well supported by bootstrap resam-
pling of genes; this suggests that these lineages are ecologically
dissimilar. More dramatically, three separate lineages of
plant-associated species (noted in gray in fig. 9) are clustered

when considering codon selection patterns, reflecting their
ecological similarity; the association of two of these lineages is
strongly supported (fig. 9B, arrow B).

To examine the relative impact of ecology versus phylog-
eny in determining similarities of codon selection among
orthologs, we selected sets of four bacterial genomes that
were sequenced as part of the Human Microbiome Project
(Group et al. 2009). The organisms represented four different
families from the same bacterial division, with two species
each colonizing one of two anatomical locations (among
oral cavity, skin, gastrointestinal tract, or urogenital tract).
As above, we assessed affinity of strains based on protein
similarity or based on similarity of patterns of codon usage
as assessed by ACE,,. In all cases, patterns of codon usage bias
were most similar between organisms that were isolated from
the same body location. In the majority of these cases, bac-
teria from the same environment were also most closely re-
lated based on protein similarity; therefore, the similarity of
patterns of codon usage could simply reflect phylogenetic
similarity. However, in three of these tetrads, codon usage
similarity was most similar between the bacteria that were
isolated from the same body site, even though these bacteria
were not the most closely related (supplementary table S6,
Supplementary Material online). Although small sample sizes
does not allow for statistical support (P = 0.13), the data trend
shows that the similarity in patterns of codon usage bias
among shared genes reflects convergence driven by adapta-
tion to a particular habitat, not phylogenetic history. These
data are consistent with the hypothesis that genes shared
among organisms alter their patterns of codon usage to re-
flect changes in codon selection accorded by their current
ecological niche.

Potential Nonadaptive Sources for Differing Codon
Usage

More genes and operons than expected show significant dif-
ferences in ACE, values between species (fig. 5). We inter-
preted this excess as evidence for changes in the degree of
codon selection between species. However, it is possible that
other factors have led to changes in codon usage. Here, we
address three possible sources of such differences.

Change in Strand Identity
First, mutational biases are not equivalent between genes
transcribed from leading and lagging strands (Lobry 1996;
Rocha 2004). Therefore, genes changing orientation relative
to the replication origin would experience slightly different
mutational pressures, which could lead to greater changes in
codon usage than expected. To examine this possibility, we
identified those orthologs which were not orientated in the
same direction relative to their respective replication origins.
Replication origins and termini were identified by homology
to the E. coli oriC and dif regions (Kono et al.2011); in all cases,
these corresponded to regions where strand-specific nucleo-
tide patterns invert, as measured by cumulative GC-skew and
octameric skew (Hendrickson and Lawrence 2007).

Of the 2,235 genes shared among eight enteric species,
between 2 and 171 genes were encoded on different strands
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in comparisons of two genomes (supplementary table S7,
Supplementary Material online). Most comparisons showed
between 2 and 10 genes changing strand identity; a large
inversion in Citrobacter rodentium led to greater numbers
changing strand identity in comparisons involving this
taxon. When considering genes with significant changes in
ACE, between species, only between 0 and 11 of these genes
changed strand identity (supplementary table S7, Supplemen-
tary Material online). As a result, the fractions of genes show-
ing significant changes in ACE, do not change significantly
when restricting the analysis to genes that retain strand iden-
tity (supplementary table S7, Supplementary Material online).
Therefore, we conclude that change in strand identity is not
responsible for the large number of genes showing significant
changes in codon usage.
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Xenologous Genes
Alternatively, large differences in ACE, values for some ortho-
logs could reflect a history of gene transfer. ACE, values are
calculated relative to the mutational biases of the resident
genome; newly acquired xenologs could show unexpected
changes in codon usage due to differences in mutational
biases between donor and recipient genomes, not changes
in selection. Although our data set is stringent in its require-
ment for strong similarity among genes shared among all taxa,
and putative orthologs are largely syntenic (data not shown),
it is possible that some xenologous genes are present in the
data set.

To determine whether large portions of those genes with
significant changes in ACE,, values are simply of foreign origin,
we inferred the phylogeny of each gene using maximum
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likelihood and then compared it with the species phylogeny.
Using a Shimodaira—Hasegawa test (Shimodaira and
Hasegawa 1999), 25 of 2,235 genes rejected the species tree
at P < 0.01. Given that 1% of genes should reject at this con-
fidence level, this is not greater than expected. Even if we
accept that the 25 genes with P values less than 0.01 are
potentially xenologous, only between 0 and 3 of these
genes showed significant changes in ACE, values between
species (supplementary table S8, Supplementary Material
online). As a result, the fraction of genes showing significant
changes in ACE, between species does not change when
considering only genes whose phylogeny does not reject
the species phylogeny (supplementary table S8, Supplemen-
tary Material online). Therefore, we conclude that foreign
origin is not responsible for the large number of genes show-
ing significant changes in codon usage.

Selection for Change in Protein Sequence

Finally, significant changes in codon usage may be driven by
large numbers of changes in amino acid sequences; this may
occur in genes whose protein products are exposed on the
cell surface and experience pressure to change due to expo-
sure to hosts’ immune systems (Salazar-Gonzalez and
McSorley 2005) or natural predators (Wildschutte et al.
2004). Although genes known to experience diversifying se-
lection (e.g, those encoding flagellins) are not included in our
data set, this does not remove the possibility that other have
escaped our attention. Molloy et al. (2000) identified 58 pro-
teins resident in E. coli's outer membrane, thus potentially
experiencing accelerated rates of protein change. Orthologs
of 28 of these genes were found in eight enteric bacterial
genomes and are thus present in our data set (supplementary
table S9, Supplementary Material online). Of the genes show-
ing significant change in ACE,, between species, only between
0 and 5 encoded outer-membrane proteins (supplementary
table S9, Supplementary Material online). As a result, the
fraction of genes showing significant changes in ACE, be-
tween species does not change when considering only
genes whose products are not surface exposed. Therefore,
we conclude that selection for change in protein sequence
is not responsible for the large number of genes showing
significant changes in codon usage.

Discussion

Speciation Cascades

Speciation typically involves two classes of changes within
descendent lineages. First, ecological differences allow for co-
existence; without these differences, competition among
sympatric taxa will eliminate the less fit group (Van Valen
1976). Second, genetic isolation both privatizes adaptive mu-
tations within species and prevents the formation of less fit,
cross-species progeny (Gevers et al. 2005). In bacteria, these
changes are somewhat decoupled at the organismal level.
Significant ecological changes may arise by very few genomic
changes, such as the acquisition of genomic islands conferring
complex traits after their acquisition (Lawrence 1997; Hacker
and Carniel 2001). These adaptive differences lead to recom-
bination interference at their underlying loci. However,

because bacterial recombination operates on small portions
of the genome, the majority of the genome may still experi-
ence allelic exchange (Lawrence 2002). Among recombino-
genic taxa, then, genetic isolation of the entire chromosome
takes place over a long period of time as adaptive changes
that catalyze recombination interference must occur
throughout the chromosome (Retchless and Lawrence
2007). The lack of recombination leads to the accumulation
of neutral genetic differences (Lawrence 2002), which them-
selves provide a further barrier to recombination by disrupt-
ing the formation of heteroduplexes (Vulic et al. 1997, 1999).

Horizontally transferred genes are good candidates for the
motivators of ecological change. Acquired genes can provide
novel functions allowing for rapid adaptation and effective
competition within novel ecological niches. However, changes
in gene inventory are not observed across the entire chromo-
some (fig. 7). Moreover, because an adaptive locus catalyzes
recombination interference over a distance of ~20 kb, more
than 200 evenly spaced gene acquisitions would be required
to confer genetic isolation across the entire genome. This is
more than are observed; therefore, we conclude that there
must be another source of adaptive change that drives ge-
netic isolation. Here, we show that another class of adaptive
mutations—changes in codon usage driven by shifts in the
degree of codon selection—likely play a key role in speciation
by initiating recombination interference at otherwise con-
served loci.

We envision speciation as a cascade of adaptive events
leading from ecological differentiation through genetic isola-
tion. First, the acquisition of genes by lateral transfer initiates
ecological differentiation. This may occur among numerous
populations within a freely recombining bacterial species by
independent acquisitions. Although these adaptive changes
promote recombination interference at their sites of insertion
(fig. 7), other regions will recombine freely, leading to their
genotypic similarity between ecologically distinct populations.
However, the ecological changes initiated by the gene gains
will lead to changes in relative levels of gene expression as
organisms experience a different suite of environments than
those experienced by the ancestral taxon. The differences in
gene expression promote subsequent changes in codon selec-
tion. Over time, the accumulation of adaptive changes at syn-
onymous sites will also provide recombination interference
due to natural selection against the recombinant genotype.
This additional constraint on gene exchange ultimately leads
to complete genetic isolation and the formation of genetically
independent species in the Mayrian sense (Mayr 1942, 1963).

Inspection of figure 8 shows that, at least in the case of the
divergence of E. coli and Salmonella, adaptive changes in
codon selection alone can mediate recombination interfer-
ence across nearly the entirely of the bacterial chromosome.
That is, it is not necessary to invoke numerous adaptive gene
gains to provide substrates for recombination interference
and hence genetic isolation. Rather, a single gene gain—if it
allows for exploitation of a sufficiently distinct ecological
niche—may lead to genetic isolation across the entirely of
the bacterial chromosome by virtue of the secondary cascade
of adaptive changes in codon selection.
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Two Stages of Speciation

Genes acquired by lateral transfer play a major role in chang-
ing organisms’ favored ecological niches; acquired genes can
confer novel functions and allow effective competition in new
environments by virtue of the novel biochemical processes
they encode. In contrast, although changes in codon selection
can lead to adaptive changes in codon usage, these adapta-
tions do not underlie physiological differences between
strains. Although adaptive changes in codon usage may
drive the majority of genetic isolation between bacterial spe-
cies, they do not contribute to the physiological differences
between species.

When we consider the two aspects of species formation—
acquisition of ecological differences and achievement of ge-
netic isolation—it is clear that ecological differences arise first.
Ecologically distinct strains are readily created by gene trans-
fer, given the high rate of influx of alien genes (Lawrence and
Ochman 1997, 1998), any one of which may significantly alter
the recipient’s physiology. Ecologically distinct strains are
abundantly evident in collections of isolates of nearly any
named species (Walk et al. 2009; Luo et al. 2011). Although
it is not easy to predict which genetic variants have led to
significant changes in underlying ecology, likely candidates
can be identified as those with significantly different distribu-
tions in the environment (Gordon et al. 2002; Gordon and
Cowling 2003; Luo et al. 2011). It is for this reason that such
variant lineages, termed ecotypes (Cohan 2002), are often
viewed as bacterial "species,” as they exhibit one of the two
hallmarks of eukaryotic species.

However, even ecologically distinct strains may continue to
recombine at loci that are unencumbered by adaptive
change. For groups experiencing little recombination, genetic
isolation arises by the accumulation of neutral mutations
alone (Hanage et al. 2006; Fraser et al. 2007). However,
many groups experience relatively high rates of gene ex-
change; here, the likelihood of inheriting a novel allele by
recombination can exceed that of acquiring a variant allele
by mutation (Feil et al. 1999, 2000; Maynard Smith et al.
2000). In these recombining groups, genetic isolation is
achieved only after adaptive changes have arisen at a large
number of loci around the bacterial chromosome (Lawrence
2002; Retchless and Lawrence 2007). The differences in these
time scales had led to confusion and discussion as to the
nature of bacterial species (Luo et al. 2011). Confusion
arises because the long time frame for genetic isolation of
bacterial species would seemingly ignore the potentially dra-
matic ecological and physiology distinctions between closely
related taxa. As a result, the term "speciation” has been used
to reflect two different processes: the acquisition of ecological
differences and the establishment of genetic isolation (Gevers
et al. 2005).

The work presented in this study provides a comprehen-
sive model for bacterial speciation that integrates the
processes of ecological differentiation and genetic isolation.
Rapid ecological differentiation is provided by gene acquisi-
tion events or biochemical adaptations of existing genes,
and long-term genetic isolation is conferred by the slow
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acquisition of adaptive changes in codon usage. Because the
rate of accumulation of adaptive changes in codon usage is a
function of the overall substitution rate, we expect this to
take a significant period of time. Estimates of the rates
of speciation, the numbers of species, the precise placement
of speciation boundaries, or other quantitative metrics of
bacterial relationships are only useful when placed in the
context of ecological differentiation, genetic isolation, or
both processes.

Supplementary Material

Supplementary tables S1-S9 are available at Molecular Biology
and Evolution online (http://www.mbe.oxfordjournals.org/).
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