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Abstract

The major codon preference model suggests that codons read by tRNAs in high concentrations are preferentially utilized in highly

expressed genes. However, the identity of the optimal codons differs between species although the forces driving such changes are

poorly understood. We suggest that these questions can be tackled by placing codon usage studies in a phylogenetic framework and

that bacterial genomes with extreme nucleotide composition biases provide informative model systems. Switches in the background

substitution biases from GC to AT have occurred in Gardnerella vaginalis (GC = 32%), and from AT to GC in Lactobacillus delbrueckii

(GC = 62%) and Lactobacillus fermentum (GC = 63%). We show that despite the large effects on codon usage patterns by these

switches, all three speciesevolveunder selectiononsynonymoussites. InG.vaginalis, thedramatic codonfrequencychangescoincide

with shifts of optimal codons. In contrast, the optimal codons have not shifted in the two Lactobacillus genomes despite an increased

fraction of GC-ending codons. We suggest that all three species are in different phases of an on-going shift of optimal codons, and

attribute the difference to a stronger background substitution bias and/or longer time since the switch in G. vaginalis. We show that

comparative and correlativemethods foroptimal codon identificationyield conflicting results forgenomes influxanddiscusspossible

reasons for themispredictions.Weconclude that switches in thedirectionof thebackgroundsubstitutionbiases candrivemajor shifts

in codon preference patterns even under sustained selection on synonymous codon sites.
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Introduction

More than 30 years ago it was discovered that synonymous

codons are not used randomly (Grantham et al. 1980, 1981).

In bacteria, codon usage patterns differ between genomes, as

reflected in GC content values at third codon positions that

range from 20% to 80% (Muto and Osawa 1987). Codon

frequencies also differ between genes within the same

genome due to selection for translational efficiency and accu-

racy (reviewed in Andersson and Kurland 1990; Bulmer 1991;

Sorensen and Pedersen 1991; Akashi 1994; Novoa and Ribas

de Pouplana 2012). Horizontal gene transfer events (Moszer

et al. 1999; Ochman et al. 2000), strand-specific mutation

biases (Lobry 1996; McLean et al. 1997) and biased gene

conversion (Lassalle et al. 2015) also contribute to gene-spe-

cific differences in codon frequencies.

Early work done in the classical model organisms

Escherichia coli, Bacillus subtilis and Saccharomyces cerevisiae

showed that the frequencies of preferred codons in the highly

expressed genes (Bennetzen and Hall 1982; Gouy and Gautier

1982; Grosjean and Fiers 1982; Shields and Sharp 1987;

Bulmer 1991), correlated with the abundance of the corre-

sponding isoacceptor tRNAs (Ikemura 1981, 1985; Bulmer

1987). Furthermore, the level of codon bias in each individual

gene correlated with its expression level (Ikemura 1985;

Kanaya et al. 1999; Ghaemmaghammi et al. 2003; Goetz

and Fugelsang 2005). These observations formed the basis

for the so-called major codon preference model, which sug-

gests that selection for codon bias is a growth optimization

strategy (Kurland 1987; Andersson and Kurland 1990).

Consistently, it has been shown that rapidly growing bacterial

species have more tRNA genes and show a stronger influence

of selection on codon bias than slowly growing bacteria

(Rocha 2004).

The preferred codons in E. coli, also designated the “opti-

mal” codons (Ikemura 1981), include both AT- and GC-

ending codons. In two-codon boxes read by a single tRNA,

C-ending codons are generally favored over U-ending codons

(Sharp et al. 2005), due to a more efficient interaction with the
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G in the first anticodon position of the tRNA. However, in

four- and six-codon boxes read by multiple tRNAs the identi-

ties of the preferred codons differ between species due to

differences in isoacceptor tRNA concentrations (Grantham

et al. 1980; Sharp et al. 2005). For example, GC-ending

codons are preferred in Drosophila (Shields et al. 1988;

Vicario et al. 2007) whereas AT-ending codons are preferred

in Saccharomyces (Bennetzen and Hall 1982). Bacterial ge-

nomes display the whole spectrum of patterns, with subsets

of optimal codons that are unique for each species (Hershberg

and Petrov 2009). This raises a conundrum: if selection favors

a stable co-adaptive relationship between codon frequencies

and the concentrations of the corresponding isoacceptor

tRNAs, how can the identity of optimal codons change over

evolutionary time, leading to diverse sets of preferred codons

in different species?

Three hypotheses have been proposed to explain switches

of optimal codons, and they differ in the role that selection is

thought to play. The first hypothesis suggests that prolonged

periods of weak selection on translational efficiency are

needed to generate diversity in codon preference patterns

(reviewed in Sharp et al. 2010). This hypothesis is inspired by

the Sewall Wright’s shifting balance theory of evolution

(Wright 1977), which introduces drift to explain shifts in

codon usage without invoking changes in the mutational

spectrum. Previous studies found evidence for selection on

translational efficiency in 25% to almost 100% of the species

examined, depending on the methodology used (dos Reis

et al. 2004; Carbone et al. 2005; Sharp et al. 2005; Supek

et al. 2010). However, even when signatures of selection are

detectable, these might result from long-term selective con-

straints that could have been interspersed by shorter periods

during which selection for codon bias was lost due to popu-

lation bottlenecks, host-adaptation or other lifestyle changes.

It is hypothesized that periods of weak or no selection ran-

domized codon usage patterns. The re-imposition of selective

constraints would then introduce a new co-adaptive stage

during which different sets of codons and isoacceptor tRNAs

increase in abundance and become selectively favored.

According to this model, the choice of optimal codons is the

result of a frozen accident and as such is unpredictable. Here,

we refer to this model as the “relaxed selection” hypothesis.

The second hypothesis stresses the importance of the mu-

tation pressure and suggests that a dramatic change in global

GC content may lead to a large reduction of previously pre-

ferred codons and introduce new codons in high abundance

(Shields 1990). The term “mutation “is here used in the broad

sense to include factors other than single nucleotide substitu-

tions such as biased gene conversion, which can also change

genomic GC contents (Hershberg and Petrov 2010;

Hildebrand et al. 2010). According to this model, optimal

codon choice follows changes in global GC content and is

thus predictable. Importantly, loss of selection would not be

required for a shift of codon preference patterns. We refer to

this model the “mutation-driven” hypothesis.

The third hypothesis is a variant of the “mutation-driven”

hypothesis and suggests that horizontal gene transfer events

may mediate changes in codon frequencies by introducing

genes with a different codon bias (Hershberg and Petrov

2008). If high expression levels of the recently acquired

genes are essential for survival of the bacterial cells, tRNA

isoacceptor concentrations might change to fit the codon

bias of the foreign genes, after which codon frequencies in

all other genes will be adjusted to match the new tRNA ex-

pression levels. Thus, also in this model optimal codon shifts

would occur without weakened selection.

Although the three hypotheses have been available for

some time, no attempts have been made to assess their im-

portance as it is difficult to collect an appropriate data set to

differentiate them. A broad study of more than 700 genomes,

of which 675 were bacterial genomes, showed that the GC-

richness of the optimal codons correlate with the global GC

content values, indirectly supporting mutation-driven hypoth-

eses (Hershberg and Petrov 2009). However, the strengths of

selection acting on the individual genomes were not esti-

mated and no studies of optimal codon switches in phyloge-

netically related bacterial species with different GC contents

were performed to validate the hypothesis.

Lactic acid bacteria provide good model systems for

studies of codon usage patterns. They comprise a wide

range of phylogenetically disparate species that ferment

carbohydrates into lactic acid as a major end product, in-

cluding genera such as Lactobacillus, Enterococcus,

Lactococcus, Streptococcus and Bifidobacterium (Klein

et al. 1998). These bacteria share many biochemical and

physiological properties, and they tend to inhabit ecologi-

cal niches that are rich in carbohydrates (Stiles and

Holzapfel 1997). Lactobacillus species evolve under

strong AT-bias, whereas Bifidobacterium species evolve

under strong GC-bias. Within genera, most species con-

form to the characteristic codon usage patterns. However,

a few outlier species within each genus have substantially

higher or lower genomic GC contents than the majority,

which provides an opportunity to test hypotheses about

how shifts in the mutational spectrum have affected the

choice of optimal codons. Lactobacillus species grow rap-

idly in nutrient-rich habitats and it has been shown that

codon usage patterns are influenced by selection for trans-

lational efficiency (Nayak 2012).

In this study, we have examined whether the altered geno-

mic GC content in the outlier species of Lactobacillus and

Bifidobacterium have induced switches of optimal codons in

the highly expressed genes. We refer to the changes in geno-

mic GC content as changes in the direction of the background

substitution patterns, irrespectively of whether these changes

are caused by single nucleotide mutations or recombination

events. We define optimal codons as codons that evolve under
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selection for translational efficiency in the highly expressed

genes, and abundant codons as codons used at high fre-

quency in the majority of genes. We discuss the results in the

context of the proposed hypotheses for how major codon

preference patterns change over evolutionary time.

Materials and Methods

Bacterial Genomes

Complete genomes of Lactobacillus species as of 1 January

2015 were retrieved from the National Center for

Biotechnology Information (NCBI) and additional L. kunkeei

genomes were added from (Ellegaard et al. 2015; Tamarit

et al. 2015). The Bifidobacterium data set comprised the di-

versity of species with completed genomes deposited at NCBI

as of May 2014 and was complemented with B. asteroids and

B. coryneforme genomes from (Ellegaard et al. 2015). The

accession numbers for all genomes, including those of

outgroup taxa, used for the initial phylogeny are shown in

supplementary fig. S1, Supplementary Material online. All

Lactobacillus and Bifidobacterium genomes used for the

codon usage analyses are listed in supplementary table S1,

Supplementary Material online.

Phylogenetic Analyses

For each Lactobacillus genome, all annotated proteins shorter

than 50 amino acids were filtered out, and an all-against-all

BLAST comparison was done using an E-value cutoff of 1e-05

(Altschul et al. 1990). The Lactobacillus proteome was classi-

fied into protein families using OrthoMcl, using an inflation

parameter value of 1.5 (Li et al. 2003). Of these, 54 protein

families contained a single protein from each one of the 135

taxa. The 54 single-copy panorthologs were individually

aligned with Mafft-linsi (Katoh et al. 2002, 2005), trimmed

for all positions with over 50% gaps with trimAl (Capella-

Gutierrez et al. 2009), and concatenated using a custom

perl script. The phylogeny was inferred using RAxML

(Randomized Axelerated Maximum Likelihood) with the

PROTCATLG model and 100 bootstrap pseudoreplicates

(Stamatakis 2006). A reduced data set of 34 genomes from

the Lactobacillaceae and Leuconostocaceae families was se-

lected for codon usage analysis. The 54 single-copy panortho-

logs from the reduced set of taxa were aligned with Probcons

(Do et al. 2005) and trimmed with BMGE (Criscuolo and

Gribaldo 2010) with default parameters. A tree was inferred

using RAxML with the PROTGAMMALG model and 100 boot-

strap pseudoreplicates. The Bifidobacterium data set was trea-

ted similarly: OrthoMcl was first used to detect 400 single-

copy panorthologs, which were then aligned with Mafft-linsi

(Katoh et al. 2005), trimmed for positions with over 50%

gaps, and concatenated with local perl scripts. A tree was

then reconstructed with RAxML as before.

Codon Usage Analysis and Genome Statistics

Genome statistics, including GC content, GC3s and Nc, and

correspondence analyses were calculated with the aid of the

software CodonW (Peden 1999). The Nc values were

calculated based on the GC3s values by the method defined

by Wright, as Ncexpect = 2 + GC3s + 29/(GC3s + (1�GC3s)2)

(Wright 1990; Chen 2013). The codon usage index (CAI)

was calculated by CAI and cusp function from EMBOSS pack-

age (Rice et al. 2000). The relative synonymous codon usage

(RSCU) values were calculated using the program GCUA

(General Codon Usage Analysis) (McInerney 1998). The

strength of selected codon usage bias was estimated from

the S index, which is used as a proxy for translational selection

on individual genomes (Sharp et al. 2005, 2010). The number

of tRNA genes and the inference of anti-codons were made

with the aid of tRNAscan-SE 1.3.1 (Lowe and Eddy 1997).

Other statistics, including length of CDS and nucleotide posi-

tion within the genome, were calculated from Genbank or

annotation files using Perl and R scripts.

The genes in each data set were categorized into highly

expressed and all genes (Sharp et al. 2005). The highly ex-

pressed genes were defined as in (Sharp et al. 2005), and

included genes for translation elongation factor Tu, Ts and

G, and 37 large ribosomal proteins, including rplA-rplF, rplI-

rplT and rpsB-rpsT, whereas the all genes data set included all

genes in the genome. Codons used significantly more or less

frequently in the highly expressed gene data set compared

with the whole genome data set (chi-squared test, cutoff

P = 0.01) were defined as optimal (+) and nonoptimal (�)

codons according to the Ribosomal Protein (RP) method.

Optimal codons were also predicted by the correlative test

(Hershberg and Petrov 2009). In this test, the Nc value for

each gene was plotted against the RSCU value for each

codon and, for each amino acid, and the codons showing

the strongest negative correlation with high significance

(P< 0.05/number of codons in the codon family) were in-

ferred to represent the optimal codons. For G. vaginalis, L.

delbrueckii and L. fermentum, we also identified optimal

codons by testing the correlation between the RSCU values

and Nc0 values, with Nc0 values calculated using the ENCprime

package (Novembre 2002).

For the Akashi test (Akashi 1994), we extracted single copy

panorthologs genes from (Ellegaard et al. 2015; Tamarit et al.

2015). The extracted data set included 400 genes from the

Bifidobacterium species and 302 genes from Lactobacillus spe-

cies. Amino acid sequence alignments were built with MAFFT-

linsi (Katoh et al. 2002), and then backtranslated to nucleotide

sequence alignments. For the identification of conserved and

variable sites, we used A. phenanthrenivorans as the reference

species for G. vaginalis and S. pyogenes as the reference spe-

cies for L. delbrueckii and L. fermentum. Conserved sites were

defined as codon sites that code for the same amino acid as

the sequence in the reference genome, and variable sites as
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codon sites in the alignment that code for different amino

acids. For the implementation of the Akashi test (Akashi

1994), we used the procedure described on the website

“http://drummond.openwetware.org/Akashi’s_Test.html”,

last accessed August 29, 2016. It is suggested that the

Akahi’s test is implemented using the Mantel–Haenszel

test in the open-source statistical package R. However, we

realized that the test in R is not appropriate because it does

not distinguish positive from negative signs. Instead, we fol-

lowed the procedure exactly as detailed on the website.

Species-Specific Genes

The species-specific proteins were obtained by analysing the

output of the bifidobacterial orthoMcl reconstruction

(Ellegaard et al. 2015), and the 135-genomes Lactobacillus

orthoMcl reconstruction. The species-specific genes were de-

fined as the singletons in these reconstructions, plus all pro-

teins present in clusters with no other species from the

ingroup. These proteins were used as queries in BLASTP

searches against the Non-redundant database (NR), using an

E-value cutoff of 1e-03. All genes yielding more hits to other

species within the ingroup than to foreign genera within the

best 50 hits were discarded. Hits from the same species as the

query were filtered out as self hits, as were also hits from

closely related species with similar GC content, such as the

Lactobacillus species L. panis, L. oris, L. vaginalis, L. antri, L.

frumenti and L. pontis, in the case of L. reuteri (Vogel et al.

1994; Felis and Dellaglio 2007); L. equicursoris in the case of L.

delbrueckii (Morita et al. 2010) and L. hakayitensis in the case

of L. salivarius (Morita et al. 2007).

In the initial search, the species-specific genes of G. vagi-

nalis yielded numerous hits to Chlamydia trachomatis. These

hits originated from sequencing projects published by the

Sanger Institute on 10 March 2015 in NCBI. The samples

were claimed to represent C. trachomatis genomes, but con-

tained several thousand contigs and several thousand genes.

Phylogenetic inferences based on all recruited BLAST hits

showed that the identified C. trachomatis sequences clustered

inside the G. vaginalis clade, and that they were never repre-

sented by more than one or two sequences. In order to assess

whether these C. trachomatis genomes were contaminated

with G. vaginalis, we blasted the contigs of seven genomes

against all 119 Chlamydia complete genomes (of which 88

belong to C. trachomatis) and 4 G. vaginalis complete ge-

nomes found in NCBI at 20 November 2015. The seven ge-

nomes had between 3 and 1,110 contigs with best BLASTn

hits to the Gardnerella rather than the Chlamydia genomes.

Therefore, we concluded that these hits came from metagen-

omes formed by contaminations or co-infections with G. vagi-

nalis, and were filtered out as self-hits. The next best 250 hits

were retrieved with the aid of a tBLASTn search (E<1e-05).

The sequences of the hits were retrieved and their GC3s

values were calculated using CodonW (Peden 1999).

Results

Switches in GC Content in Lactobacillus and
Bifidobacterium Species

To study how shifts in GC content have affected codon pref-

erence patterns, we selected 14 species from the family

Bifidobacteriaceae and 34 species from the family

Lactobacillaceae for an in-depth analysis (supplementary

table S1, Supplementary Material online). The data sets

were selected so as to represent the genetic diversity of spe-

cies for which complete genome sequence data were avail-

able in the public database as of 1 January 2015

(supplementary fig. S1, Supplementary Material online).

Genome sizes for the taxa included in the Lactobacillus data

set ranged from 1.3 Mb in Lactobacillus sanfranciscensis to 3.0

Mb in Lactobacillus plantarum and Lactobacillus rhamnosus

and in the Bifidobacterium data set from 1.6 Mb in

Gardnerella vaginalis to 2.8 Mb in Bifidobacterium longum

(supplementary table S2, Supplementary Material online).

The selected genomes cover the whole spectrum of base com-

position variation in bacteria, as reflected in GC content values

that span from <20% to >80% at third codon synonymous

sites (GC3s) in the individual genomes (fig. 1).

Importantly for the aim of this study, three genomes have

GC content values that deviate drastically from the values of

the group that they belong to, indicating that the data set is a

good representation of intra- and inter-phyla variation of GC

content values in bacterial genomes. The genes in the

Gardnerella vaginalis genome have a mean GC3s value of

only 32% as compared with 75% in the other bifidobacterial

species, and the genes in the Lactobacillus fermentum and

Lactobacillus delbrueckii genomes have mean GC3s values

of 62–63%, as compared with 29% in the other

Lactobacillus species. It is proposed that mutations are univer-

sally biased towards AT (Hershberg and Petrov 2008), and that

other factors contribute to a bias towards GC, such as gene

conversion (Lassalle et al. 2015), influence of an error-prone

alpha subunit of DNA polymerase III (Wu et al. 2014) and

selection for GC-ending codons (Ran et al. 2014). Indeed,

we confirmed a mutation bias towards AT in recent nucleotide

substitutions in G. vaginalis and, comparatively, a much higher

rate of recent nucleotide substitutions contributing to GC rich-

ness in L. fermentum and L. delbrueckii (supplementary text

S1, Supplementary Material online). However, none of the

other factors, such as biased gene conversion or selection

for GC-ending codons, provided a good fit for the increase

in GC content in L. delbrueckii and L. fermentum (supplemen-

tary text S1, Supplementary Material online).

To place the Lactobacillus species with a deviating GC-

content in their evolutionary context, we inferred a genome

phylogeny based on a concatenated protein alignment of 54

single copy orthologs using maximum likelihood methods (fig.

2A). The tree topology showed that the two Lactobacillus

species with higher GC-content than the others, L. fermentum
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and L. delbrueckii, are not sister species, as has also been

shown elsewhere (Felis and Dellaglio 2007; Lukjancenko

et al. 2012; Ellegaard et al. 2015). Rather, L. fermentum

with a GC3s value of 62% clustered with Lactobacillus reuteri

with a GC3s value of only 29%. Likewise, the analysis showed

that L. delbrueckii with a GC3s value of 62% is embedded in a

clade of Lactobacillus species with GC3s values of 22–30%.

Less dramatic increases in GC content were mapped on the

node to Lactobacillus plantarum, Lactobacillus brevis and

Lactobacillus buchneri, and on the node to Lactobacillus

casei and Lactobacillus rhamnosus, all species of which have

GC3s values of 43–46%. It is noteworthy that L. buchneri is a

sister species to Lactobacillus sanfranciscensis and

Lactobacillus apinorum with GC3s values of only 21.5–

22.8%. This suggests that the increase in GC-content in the

ancestor of L. buchneri, L. brevis and L. plantarum was

followed by a reversal in the direction of the background sub-

stitution bias towards AT in one of the descending lineages.

A phylogeny of the Bifidobacterium species indicated that

G. vaginalis with a GC3s value of 32% is an early diverging

species within one of the two bifidobacterial clades (fig. 2B)

which otherwise encompasses species with GC3s values

>70% (supplementary table S2, Supplementary Material

online) (Ellegaard et al. 2015). This is in line with previous

phylogenetic inferences, which also placed G. vaginalis

within the genus Bifidobacterium (Miyake et al. 1998;

Munoz et al. 2011). We conclude that the direction of the

background substitution bias has switched several times in the

genus Lactobacillus, and at least once in the genus

Bifidobacterium, resulting in genomes with drastically differ-

ent GC content values compared with their most closely re-

lated species.

Selection on Codon Usage in Genomes with Altered
Genomic GC Contents

To study the intra-species variation in synonymous codon

usage for the genomes in our data set, we used two different

statistical approaches. We illustrate the general trends in our

data sets with Lactobacillus salivarius and Bifidobacterium bifi-

dum, which have GC3s values of 18% and 81%, respectively.

These two species are here used as the “archetype species” of

Lactobacillus and Bifidobacterium. With “archetype species”

we mean those species displaying the canonical codon usage

pattern of the majority of species in their respective families, in

contrast to the species in which the genomic G + C content

have recently shifted.

First, we conducted a correspondence analysis (fig. 3),

which is a multivariate statistical method that generates a

series of orthogonal axes that display the variation in the

data set (Peden 1999). The first axis accounted for 10–25%

of the variation, and the second axis for 5–10% of the varia-

tion in both groups of bacteria (supplementary table S3,

Supplementary Material online). In the archetype species L.

salivarius (fig. 3A) and B. bifidum (fig. 3B), axis one correlated

with the codon adaptation index (CAI), confirming a strong

influence of selective constraints on synonymous codon

usage. In all species of Bifidobacterium, axis one also corre-

lated with the GC3s values (supplementary figs. S2–S4,

Supplementary Material online), suggesting that both muta-

tion and selection have driven codon usage patterns towards

GC-rich codons, and that the resulting gradient in GC content

among genes explains most of the intra-specific variation in

codon usage patterns. In Lactobacillus, we observed a much

larger variation in correlation statistics among species (supple-

mentary table S3, Supplementary Material online). For the

majority of Lactobacillus species, axis one correlated with the

CAI values but not with the GC3s values, and in a few species

no correlation was observed to either of these two factors in

FIG. 1.—Variation in genomic GC content values in Lactobacillus and

Bifidobacterium. The GC content at third codon synonymous sites (GC3s)

is plotted against the overall genomic GC content (GC) for Lactobacillus

(blue) and Bifidobacterium (red). The individual species are listed in sup-

plementary table S1, Supplementary Material online, and their GC content

at third codon synonymous sites in supplementary table S2,

Supplementary Material online. Three species with a markedly deviating

GC content, Gardnerella vaginalis, Lactobacillus fermentum and L. del-

brueckii, are highlighted.
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FIG. 2.—Phylogenetic relationships and genome features of (A) Lactobacillus and (B) Bifidobacterium species. The species were selected so as to

represent the diversity of Lactobacillus based on the phylogeny shown in supplementary fig. S1, Supplementary Material online. Numbers at nodes refer to

bootstrap support values, and branch lengths correspond to the substitution rate. Accession numbers for all Lactobacillus strains and outgroup taxa are
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the first two axes (supplementary figs. S5–S7, Supplementary

Material online).

Having established the intra-genomic variation in species

with the canonical codon usage patterns, we turned to the

species in which the direction of the background substitution

bias has been altered. Despite a much higher overall A + T

content in G. vaginalis, axis one correlated with both CAI

and GC3s values, as in the other bifidobacteria (fig. 3D). In

FIG. 3.—Correspondence analysis of codon usage frequency variation. The two main axes produced by the correspondence analyses are shown for (A)

Lactobacillus salivarius, (B) Bifidobacterium bifidum, (C) L. delbrueckii, (D) Gardnerella vaginalis, (E) L. fermentum and (F) L. reuteri. Genes for ribosomal

proteins and elongation factors are shown in black. Species-specific genes are shown in red. The variance (v) and correlation (r) value for the correspondence

analysis are shown in the bottom of each plot.
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L. delbrueckii (fig. 3C) and L. fermentum (fig. 3E), axis one

correlated with GC3s and axis two with the CAI values. The

three species showed a rabbit-ear shape of the plots, in which

the ribosomal protein genes were located in one ear and sev-

eral of the species-specific genes were located in the other ear.

The segregation of these two groups of genes along the

second axes correlated with the CAI values. Thus, all three

genomes displayed the characteristic signs of selection.

For an intuitively more appealing visualization of the pat-

terns, we estimated the effective number of codons (Nc) for all

species in our data set (fig. 4 and supplementary fig. S8,

Supplementary Material online). The archetype species L. sal-

ivarius and B. bifidum showed the expected Nc values for the

given GC3s values, and the spread of the dots was quite

narrow (fig. 4A and B). The ribosomal protein genes were

situated at the lower ends of the cloud of dots, as expected

for genes with a codon bias that is shaped by selective

constraints.

The Nc plots for L. delbrueckii (fig. 4C) and L. fermentum

(fig. 4E) were strikingly different from that of L. salivarius (fig.

4A) and L. reuterii (fig. 4F) in that the genes showed a broader

variation in GC3s values, ranging from 20% to 80%, consis-

tent with GC3s explaining most of the variation among genes

in the correspondence analyses. The majority of genes were

located at the right half of the plot with GC3s values >50%,

whereas the ribosomal protein genes presented GC3s values

of ~50% and Nc values<40 in both species (fig. 4C and E). If

selection had been relaxed, then we would have expected the

ribosomal protein genes to show similarly high GC3s values as

the majority of genes. The similarity in codon usage patterns in

the two species is rather indicative of convergence due to

selection for the previously used subset of AT-rich codons.

However, the GC3s values of the ribosomal protein genes is

slightly higher in L. fermentum than in L. delbrueckii, which

might indicate a faster rate of evolution, weaker selective con-

straints or longer time because the switch of the background

substitution bias. Genes with GC3s values <40% and Nc

values >40 in L. fermentum and L. delbrueckii encoded re-

striction-modification systems, integrases, glycosyltransferases

and ABC transporters (supplementary table S4,

Supplementary Material online), suggesting that they repre-

sent horizontal gene transfers. The Nc plot for G. vaginalis also

displayed a quite large spread of the GC3s values, and was

more similar to the Nc plots for the archetype Lactobacillus

species than to the Nc plot of the archetype Bifidobacterium

species (fig. 4D). The species-specific genes in G. vaginalis

showed homology to species that are part of the healthy or

opportunistic microbiota of the vaginal tract, such as Neisseria

gonorrhoeae, Atopobium vaginae and Lactobacillus iners, sup-

porting gene exchange within this niche (supplementary table

S4, Supplementary Material online). Many species-specific

genes were co-located with genes that showed similarity to

A. vaginae and L. iners in chromosomal segments with low

GC3s values (supplementary table S4, Supplementary Material

online). Thus, in addition to selective constraints on highly

expressed genes, codon usage patterns in the three GC-

shifted genomes have also been influenced by horizontal

gene transfer events.

In order to quantify the relative strength of selection, we

calculated the S indexes for the genomes in this study (sup-

plementary table S2, Supplementary Material online). The S

index is inferred from the relative use of C-ending codons for

Asn, Ile, Phe, Tyr (Sharp et al. 2005), which form a standard

G:C basepair with the tRNA at the first anticodon position and

are generally considered to be translationally optimal, al-

though this may depend on species-specific tRNA modifica-

tions. In a previous study of 80 bacterial genomes, the S index

ranged from�0.88 to 2.65, and>0.2 were chosen as a cutoff

for translational selection (Sharp et al. 2005). The S indexes in

the Lactobacillus genomes also showed a broad range of var-

iation, from �0.35 to 1.80, and the estimates were largely

concordant with the species-specific variation in indications of

selection on synonymous codon choice in the correspondence

analyses. The highest S values in our data set, 1.7–1.8, were

estimated for L. kunkeei, suggesting selective constraints on

synonymous sites in the highly expressed genes of this species.

On the other extreme, the S value in Lactobacillus mellis and

Lactobacillus mellifer were ~�0.3, implying that translational

selection on codon usage patterns in these species is not de-

tectable by this method.

Importantly, L. delbrueckii and L. fermentum have S values

of 1.2 and 1.3, respectively, as did also L. reuteri. Thus, despite

the difference in GC content in the close relatives L. fermen-

tum and L. reuteri, both species have evolved under selective

constraints on the highly expressed genes. In Bifidobacterium,

the S index ranged from 0.81 to 1.38, including G. vaginalis

with an S index of 1.03. We conclude that the codon prefer-

ence patterns in the highly expressed genes of all three species

with GC shifted genomes have been influenced by selective

constraints on synonymous codon sites.

Inferences of Optimal Codon Identities

To identify optimal codons, we contrasted the relative synon-

ymous codon usage (RSCU) values for a data set consisting of

37 ribosomal protein genes and three other highly expressed

genes (the RP data set) (figs. 5–7) with the RSCU values of all

genes in a data set consisting of all protein coding genes in the

whole genomes (the WG data set) of Bifidobacterium and

Lactobacillus (supplementary figs. S9–S11, Supplementary

Material online). We defined optimal codons as codons that

were significantly more abundant in the RP than in the WG

data set, irrespectively of their actual frequencies. Thus, it

should be noted that both highly abundant (major) and

lowly abundant (minor) codons might be considered optimal.

We refer to the identification of optimal codons using this

approach as the RP method.
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FIG. 4.—The effective number of codons (Nc) used in each gene for a range of G +C content values at third codon synonymous sites (GC3s). The

correlation between the Nc and the GC3s values are shown for (A) Lactobacillus salivarius, (B) Bifidobacterium bifidum, (C) L. delbrueckii, (D) Gardnerella

vaginalis, (E) L. fermentum and (F) L. reuteri. Genes for ribosomal proteins and elongation factors are shown in black. Species-specific genes are shown in red.

The curve represents the null hypothesis that Nc values are determined solely by the mutational bias.
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To begin, we examined the use of codons in two-codon

boxes read by a single tRNA (fig. 5 and supplementary fig. S9,

Supplementary Material online). In these families, the codons

with the best codon–anticodon interactions are expected to

represent the optimal codons. Overall, the 2-fold degenerate

codon sites were fairly robust to changes in the background

substitution biases, with the exception of CAA/CAG and GAA/

GAG for Gln and Glu that co-varied with the genomic base

composition patterns.

Next, we examined whether the identity of the optimal

codons in the three-, four- (fig. 6 and supplementary fig.

S10, Supplementary Material online) and six-codon boxes

(fig. 7 and supplementary fig. S11, Supplementary Material

online) read by multiple tRNAs have changed following the

switches in the direction of the background substitution

biases. In these codon families, the codons read by the

tRNA isoacceptors in highest concentration are expected to

represent the optimal codons. Since tRNA concentrations are

adaptable, the three-, four- and six-codon families are ex-

pected to be more sensitive to biases in the direction of the

background substitutions. We therefore investigated optimal

codon choice in more detail for codon families read by multi-

ple tRNAs.

Optimal Codons after Switches in the Direction of the
Background Substitution Bias from AT to GC

In the Lactobacillus species with high genomic AT content

values, 75% of all codons end in A or U. Optimal codons

were mostly inferred to be U-ending (e.g., GUU, ACU,

GCU, CGU, GGU), and A-ending (e.g., CCA and UCA) (sum-

marized in figs. 6 and 7; shown for each individual species in

fig. 8), suggesting that selection has acted on codons favored

by the AT background substitution bias.

Following the switch in the direction of the background

substitution bias in L. delbrueckii and L. fermentum, the abun-

dance of GC-ending codons has increased, but more so in the

WG than in the RP gene data set. In effect, the large majority

of codons predicted to be optimal by the RP method corre-

sponded to the previously used AU-ending codons, such as,

e.g., GUU, CCA, ACU, GCU, CGU, and UCA, which have

RSCU values of> 2.5 in one or both species. Only one shift

in optimal codon identity towards a more GC-rich codon,

UUG for Leucine, was identified in L. delbrueckii. We conclude

that the old set of optimal codons was still mostly inferred to

be optimal in L. delbrueckii and L. fermentum, although the

overall frequency of the GC-ending codons has increased in

both the WG and the RP data set following the switch in the

direction of the background substitution bias.

These results were surprising because a previous publica-

tion claimed that none of the optimal codons ends in A or T in

L. delbrueckii or L. fermentum (Nayak 2012). The latter study

used a slightly different set of putatively highly expressed

genes for the analysis, which might have influenced the

FIG. 5.—Relative fraction of codons for amino acids encoded by two

codons. The figure shows the relative fraction of codons in each two-

codon box for the highly expressed genes of Lactobacillus (to the left)

and Bifidobacterium (to the right), estimated as the average frequency

over the species included in the analysis, excluding the GC-shifted ge-

nomes. The error bar shows the standard error for each codon.

Blue and red colors refer to AU- and GC-ending codons, respectively.

The optimal codons predicted by the RP method are marked with the

symbol “+”, and the optimal codons predicted by the correlative

method are marked with the symbol “o”. Codons were defined as “op-

timal” in Lactobacillus and Bifidobacterium if predicted to be optimal

in>40% of the species.
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results. To test this concern, we contrasted the codon usage

patterns of genes with the highest and lowest 10% CAI

values. However, also in this data set the AU-ending codons

were over-represented in the genes with the highest CAI

values (P< 0.05, chi squared test). In fact, our analyses have

shown that selection for a subset of AU-ending codons in L.

delbrueckii and L. fermentum in the highly expressed genes

became even more apparent after the shift in the background

substitution bias because of the increasing abundance of GC-

ending codons in all other genes.
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Optimal Codons after Switches in the Direction of the
Background Substitution Bias from GC to AT

In the Bifidobacterium species with high genomic GC content

values, the majority of codons end in G or C. Optimal codons

in these species were mostly C-ending (e.g., ACC, UCC, CGC,

GGC, GUC) (summarized in figs. 6 and 7; shown for each

individual species in fig. 9). This suggests that selection for

translational efficiency has acted on codons favored by the

GC background substitution bias. Thus, the identity of the

optimal codons differed in Lactobacillus and Bifidobacterium,

but was in both cases a subset of those generated by the

background substitution bias.

Consistent with a change in the direction of the back-

ground substitution bias towards AT in G. vaginalis, the fre-

quency of AU-rich codons have increased 2- to 5-fold in the

WG gene data set, whereas the previously preferred C-ending

codons have been reduced>2-fold in most codon boxes. This

is also true for genes in the RP data set, as a result of which the

AU-ending codons are equally or more abundant than the C-

ending codons. For example, the RSCU value for the codon

CCA for Proline is 5 times higher in the RP gene data set in G.

vaginalis than in the other Bifidobacterium species.

Furthermore, the codon CCA is used significantly more fre-

quently in the RP gene data set than in the WG gene data set
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in>40% of the species.
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FIG. 8.—Heatmap of Lactobacillaceae RSCU values comparing optimal codons predicted with the RP method and the correlative method. Each panel

represents log(RSCU) values calculated for each codon in Lactobacillaceae genomes. The upper panel shows log(RSCU) values for the RP data set, with “+”

and “�” symbols indicating codons used significantly more and less than in the WG data set, respectively. Thus, “+”represents optimal codons detected by

the RP method. The lower panel shows log(RSCU) values for the WG data set, with “o” symbols indicating codons detected as optimal by the correlative

method.
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in G. vaginalis, providing an example of how a previous minor

codon has become an optimal codon after the shift in the

background substitution bias. The increased usage of the

CCA codon has been associated with a dramatic decrease in

the usage of the codon CCC and loss of the isoacceptor tRNA

with the anticodon GGG, recognizing CCC.

However, despite the dramatic increase in the abundance

of the AU-ending codons in G. vaginalis, the relative differ-

ences in codon usage frequencies between genes in the RP

and the WG data set have mostly remained. In effect, the C-

ending codons were still mostly inferred to be the optimal

codons although their total abundances may have decreased

below those of the U-ending codons. For example, the codon

ACC for Threonine has decreased 2-fold whereas the codon

ACU has increased 4-fold in frequency such that the two

codons are now equally abundant in the RP gene data set

of G. vaginalis. Yet, it is still the old codon ACC that is inferred

to be the optimal codon because it is used significantly more

frequently in the RP gene data set. Another counter-intuitive

example of codon bias was observed for Alanine. The fre-

quency of the codon GCU for Alanine has increased in G.

vaginalis, such that it is 4- to 5-fold more abundant than
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FIG. 9.—Heatmap of Bifidobacteriaceae RSCU values comparing optimal codons predicted with the RP method and the correlative method. Each panel

represents log(RSCU) values calculated for each codon in the Bifidobacteriaceae genomes. The upper panel shows log(RSCU) values for the RP data set, with

“+” and “�” symbols indicating codons used significantly more and less than in the WG data set, respectively. Thus, “+”represents optimal codons

detected by the RP method. The lower panel shows log(RSCU) values for the WG data set, with “o” symbols indicating codons detected as optimal by the

correlative method.
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GCC, yet the RP method suggests that the minor codon GCC

is the optimal codon for Alanine, because GCC was inferred to

be used significantly more frequently in the RP gene data set.

In most other Bifidobacterium species the minor codon GCU

was inferred to be the optimal codon for Alanine, because the

major codon CGC was highly abundant in both the RP and the

WG data set. Overall, the RP method predicted the old set of

GC-rich codons to represent the optimal codons in G. vagina-

lis. Thus, codons used at low frequencies were occasionally

inferred to represent the optimal codons both before and

after the shift of the background substitution bias.

Predicting Optimal Codons with the Correlative Method

Another approach to predict optimal codons is the so-called

correlative method (Hershberg and Petrov 2009). This method

identifies optimal codons as those codons that show a statis-

tical difference in frequency between lowly and highly biased

genes. The gene bias is estimated from the effective number

of codons Nc, or a version thereof, Nc0, that corrects for the

background GC content (Hershberg and Petrov 2009). A com-

parison of optimal codons identified by the correlative method

(figs. 6–9) confirmed an overall preference for U-ending

codons in the AT-rich Lactobacillus genomes, and for GC-

ending codons in the GC-rich Bifidobacterium genomes.

Thus, both methods predicted similar sets of optimal codons

for the majority of Lactobacillus and Bifidobacterium species.

The similarity in predictive power of the two methods for

the archetype Lactobacillus and Bifidobacterium species con-

trasted with converse predictions of optimal codons in the

three genomes that have recently experienced a shift in the

direction of the background substitution bias (fig. 10). Thus,

the optimal codons were mostly predicted to be G- and C-

ending in L. delbrueckii and L. fermentum, but A- and U-

ending in G. vaginalis. The Nc and Nc0 methods yielded similar

predictions of optimal codons in the two Lactobacillus species

(fig. 10). However, the Nc0 method predicted four G- and C-

ending codons to be optimal in G. vaginalis that were not

identified as optimal by the Nc method, three of which

were predicted to be the optimal codons by the RP method.

Vice versa, five A- and U-ending codons were predicted to be

optimal solely by the Nc method, none of which were pre-

dicted to be optimal by the RP method. Intriguingly, CGU for

Arginine and GGU for Glycine were predicted by all methods

to represent the optimal codons in G. vaginalis.

Thus, the correlation method indicated that shifts in opti-

mal codon choices have occurred in most four- and six-codon

families in all three species with shifted AT/GC background

substitution biases, whereas the RP method predicted no or

only a few changes of optimal codons.

Optimal Codons and Conserved Amino Acids

In an attempt to distinguish the optimal codon predictions

made by the RP and correlative methods in the GC-shifted

genomes, we tested whether any of the predicted optimal

codons evolve under selection for translational accuracy as

inferred from the so-called Akashi’s test (1994). This test is

based on a comparison of codon usage patterns at sites

that code for conserved versus nonconserved amino acids.

We defined conserved codons as sites that code for the

same amino acid in pairwise gene alignments of the species

to be tested and a reference species, selected from one of the

outgroup taxa in the phylogenies of Lactobacillus and

Bifidobacterium, respectively.

We first performed the test for two large gene data sets,

one consisting of 400 orthologs in Bifidobacterium and an-

other consisting of 302 orthologs in Lactobacillus. The results

provided indications for an association between optimal

codons and conserved amino acid sites in the archetype

genome as well as in the GC-shifted genomes (supplementary

table S5, Supplementary Material online). However, the asso-

ciation was observed irrespectively of the method used for

optimal codon predictions, with the exception of the RP-pre-

dicted optimal codons in L. fermentum. Since the ribosomal

protein genes have a higher fraction of conserved sites (sup-

plementary table S6, Supplementary Material online) as well

as of optimal codons, we were concerned that gene expres-

sion levels might have influenced the results.

To test for an association between optimal codons and

conserved amino acid sites for genes with similar expression

levels, we repeated the test for data sets consisting only of the

ribosomal protein genes. For these data sets the correlation

between optimal codons and conserved amino acid sites were

abolished in all genomes, again irrespectively of the method

used to predict optimal codons (supplementary table S5,

Supplementary Material online). However, this does not

mean that all codons behaved similarly. For example, there

was a tendency for codons read by a single tRNA and sug-

gested by both methods to be optimal to be used more fre-

quently at the conserved sites. There was also a tendency for

optimal codons predicted by the RP method in families read by

multiple tRNAs to be preferentially utilized at the conserved

sites of the GC-shifted genomes. Interestingly, the codon CGU

for Arginine was used more frequently at the conserved sites

in all genomes irrespectively of their GC content, indicating

that CGU evolves under selection for translational accuracy or

under some other selective constraints that are not affected by

GC content.

Placing Shifts in Optimal Codons in a Phylogenetic
Framework

The identification of optimal codons builds on the biological

assumption that the most frequently used codons in the highly

expressed genes (i.e., the major codons) also correspond to

the codons favored in translation (i.e., the optimal codons).

Thus, we reasoned that comparisons of the major codons in

the highly expressed genes of G. vaginalis, L. delbrueckii and L.
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fermentum to the major codons in species that belong to the

same phylogenetic group, respectively, should reveal identity

shifts in optimal codons. We performed such a comparison of

codon usage patterns in orthologous genes across phyloge-

netically related genomes as a complement to the compari-

sons across different genes within the same genome, as in the

RP and correlative methods. The results of these phylogenetic

comparisons suggested that the major codons have not chan-

ged in the two Lactobacillus genomes, whereas they have

been altered in G. vaginalis (figs. 6 and 7). Taken together,

we suggest that the optimal codons have shifted in G. vagi-

nalis, but not yet in the two Lactobacillus genomes.

Discussion

The aim of this study was to investigate whether a strong

background substitution bias alone can drive shifts in optimal

codons. The novelty of our study is that we have placed spe-

cies with an altered direction of the background substitution

bias in a phylogenetic framework, which has enabled us to

study the evolutionary process whereby optimal codons

change in identity. Importantly, the results suggest that the

major codon preference patterns in the highly expressed

genes in G. vaginalis have changed following a switch in

direction of the background substitution bias, which supports

mutation-driven hypotheses to explain shifts in optimal

codons.

We have used two bioinformatics methods, the RP and the

correlative method, to identify optimal codons in the genomes

under study. For the majority of genomes, the two methods

predicted similar optimal codons, suggesting that GC-ending

codons are selectively favored in the GC-rich bifidobacterial

genomes whereas AU-ending codons are favored in the AT-

rich lactobacilli genomes. These results are consistent with a

broader study of 675 bacterial genomes, which also indicated

that selection for optimal codons follows, rather than coun-

ters, the background substitution bias (Hershberg and Petrov

2009). Surprisingly, the two methods yielded conflicting re-

sults regarding the identification of optimal codons in the

three species in which the background substitution bias has

switched. Thus, the RP method indicated that the optimal

codons remain un-shifted in all three genomes, whereas the

correlative method suggested that the optimal codons have

shifted in all genomes. In effect, the major codon for a par-

ticular amino acid was not necessarily predicted to be the

optimal codon by either method. Thus, how to define an op-

timal codon merits further discussion (Wang et al. 2011;

Hershberg and Petrov 2012).
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The RP method is based on the hypothesis that the codons

favored by selection are those used significantly more fre-

quently in the highly expressed genes than in the lowly ex-

pressed genes. Experimental data on tRNA expression levels

from E. coli and other classical bacterial model systems support

the assumptions of the RP method and it thus has a strong

biological foundation (Ikemura 1985; Bulmer 1987; Sorensen

and Pedersen 1991). By extrapolation to other species for

which no experimental data is available, the ribosomal protein

genes and a few other translation genes are therefore nor-

mally used as a proxy for high expression levels. However, it

has been suggested that there might be selective constraints

operating on the ribosomal protein genes not related to trans-

lational efficiency, which could lead to biased results

(Hershberg and Petrov 2012). As we have shown here, the

identity of the codons predicted to be optimal in the RP gene

data set are mostly different in the GC-rich and GC-poor ge-

nomes, which argues against the influence of universal con-

straints on the RP genes that may bias the results. We do not

know why the RP method has problems with GC-shifted ge-

nomes, but one hypothesis is that this method recognizes

selective patterns that were established prior to the shift and

may persist for some time even after the shift.

The correlation method on the other hand identifies opti-

mal codons as those codons that show a statistical difference

in frequency between lowly and highly biased genes, with the

latter defined as the genes with the lowest Nc or Ncc. If the

ribosomal protein genes represent the most highly biased

genes, as demonstrated in our study, we would expect the

two methods to yield similar results, as was indeed observed

for the majority of genomes studies here as well as for 658 out

of 675 taxonomically diverse genomes examined previously

(Hershberg and Petrov 2009). However, the correlation

method classifies as putatively optimal codons any set of

codons with a biased usage profile; thus, it may mispredict

a codon to be optimal if it is rapidly changing in frequency due

to a recent switch in the background substitution bias. Broad-

scale studies of optimal codons in genomes that are changing

in GC content may suffer from either of these two types of

mispredictions, and it may even be difficult to recognize that

there is a problem if the analyses are based on single genomes

or multiple, unrelated genomes.

We have taken a different approach to identify shifts of

optimal codons. Placing studies of codon usage patterns in a

phylogenetic framework, as performed here, could help iden-

tify taxa in which the codon usage pattern is in the process of

changing, thus guiding the interpretation of the results. By

comparing codon usage patterns in the highly expressed

genes to the patterns in the orthologs of their closest relatives,

we were able not only to identify shifts in the identity of op-

timal codons but also to dissect the contribution of mutation

and selection to these processes.

The mutation-driven hypothesis states that the background

substitution bias alone can drive changes of the preferred set

of codons even without an intervening period during which

selection is lost (Shields 1990). The stronger the background

substitution biases the higher the likelihood that the optimal

codons will shift identity. It is estimated that shifts in codon

preference patterns will occur if the mutation rate from GC to

AT is sufficiently different from the mutation rate from AT to

GC (Shields 1990). Based on their genomic GC content values,

which is 32% in G. vaginalis and 62–63% in L. fermentum

and L. delbrueckii, we hypothesized that the background sub-

stitution biases in these three species should be high enough

to drive changes in major codons even under sustained selec-

tion for translational selection.

Consistent with these expectations, we noted massive

changes in codon abundances in all three species in accor-

dance with the new directions of the background substitution

biases. However, L. delbrueckii and L. fermentum used the

same major codons in the RP gene data set as most other

Lactobacillus species, which suggests that the identity of the

optimal codons have not yet shifted. The similarity in major

codon preference patterns for all members of the

Lactobacillus indicates that L. fermentum and L. delbrueckii

are in a pre-shift phase in which codon abundances are start-

ing to change, but selection is still acting on the old set of

optimal codons. In contrast, we found that the strong AT

background substitution bias in G. vaginalis has induced a

shift in the identity of the most highly abundant codons in

the RP gene data set as compared with the codon preference

patterns in these genes in the other Bifidobacterium species.

Thus, G. vaginalis seems to be in a post-shift phase in which

selection is favoring a new set of optimal codons.

The relaxed selection hypothesis suggests that a shift in

major codons may occur if the selective constraints are lost

or reduced, after which a new set of codons is favored when

selection resumes (Wright 1977; Sharp et al. 2010). However,

we found no indications of relaxed selection in species with an

altered direction of the GC-bias. Rather, the selective con-

straints on codon usage remained consistently strong in all

species with an altered background substitution bias, as in-

ferred from their high S values. Nor did we find any indications

of loss of selection in their most closely related sister taxa.

Importantly, the Lactobacillus species with low S values

(S< 0.3), did not share a common ancestor with the species

in which the background substitution bias has been altered.

However, it should be cautioned that the S value reflects long-

term evolution (Sharp et al. 2010) and relaxed selection would

not immediately erase all codon usage bias from the highly

expressed genes. Thus, it cannot be excluded that selected

codon usage bias has started to decay recently. However, it

is unlikely that the increased use of A- and U-ending codon in

4- and 6-fold codon boxes in the highly expressed genes of G.

vaginalis is due to loss of selection because the frequencies of

C-ending codons in two-codon boxes has remained high.

The reasons for why the three species are currently at dif-

ferent stages of a shift in optimal codons could be that a
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longer time has elapsed because the switch of the background

substitution bias or that there is a stronger bias from GC to AT

in G. vaginalis than from AT to GC in Lactobacillus. Consistent

with the latter explanation is that recent mutations showed a

strong trend towards AT with 84% of GC-changing SNPs in

G. vaginalis, whereas the mutations towards GC in L. fermen-

tum and L. delbrueckii were 65% and close to 50% of AT-

changing single nucleotide substitutions, respectively.

Hypothetically, the optimal codons in L. fermentum and L.

delbrueckii may never completely shift to match the new

G + C content of the two genomes.

Finally, it should be emphasized that the composition and

expression of the isoacceptor tRNAs will have an impact on

the ability of a species to adopt novel optimal codons.

Comparative analyses of closely related Escherichia species

showed that the optimal codons matched the ancestral

rather than the extant tRNA population (Withers et al. 2006)

suggesting that the isoacceptor tRNA pool adapts only slowly

to changes in codon preference patterns (Iriarte et al. 2013).

Measurement of tRNA expression levels in the three species in

which the direction of the background substitution bias has

recently been reversed is an interesting avenue for future

research.

Conclusions

The results of this study suggests that shifts in the direction of

the background substitution bias can drive changes in optimal

codon identities without an intervening period in which selec-

tion is lost. The likelihood for a shift in optimal codon identity

depends on the strength of the background substitution bias,

the number of isoacceptor-tRNAs and how easily these tRNAs

will adapt to the changes in codon frequencies. Overall, we

found that two-codon families read by a single tRNA were

fairly robust to changes in the mutational biases (Higgs and

Ran 2008; Ran and Higgs 2010), whereas four- and six-codon

boxes read by multiple tRNAs were highly sensitive to the AT/

GC background substitution biases.

Capturing genomes in this veering phase, during which

new optimal codons rise and ancestrally optimal codons de-

cline in frequency, may provide clues about the order in which

individual codon families respond to an altered direction of the

background substitution bias or to changes in the expression

levels or gene copy numbers of the isoacceptor-tRNAs. Based

on the result of our study, and consistent with the model from

Hershberg and Petrov (2009), we suggest the following order

of events leading to a shift of optimal codons in the codon

families read by multiple tRNAs: (1) a change in the direction

of the background substitution bias initiates the process, (2)

the new background substitution bias leads to altered codon

usage patterns in all genes, after which (3) gene copy numbers

and expression levels of the tRNA isoacceptors adjust to the

new codon usage patterns, and finally (4) codon preference

patterns and tRNA expression levels are fine-tuned to the new

patterns.
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Supplementary figures S1–S11, tables S1–S6 and text S1 are

available at Genome Biology and Evolution online (http://

www.gbe.oxfordjournals.org/).
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