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Bacterial genomes exhibit a large amount of variation in their base composition, which ranges from
13% to 75% GC. The evolution and maintenance of this variation has proved to be an enduring
puzzle despite decades of theoretical and empirical work. We present an overview of various aspects
of this problem, focusing on results from a diverse set of recent studies that use whole‐genome
sequencing in combination with bioinformatic, phylogenetic, molecular biological, and
experimental evolution approaches. We propose that analysis of within‐genome variance in GC
content is also important to understand how genome‐wide base composition has evolved. We close
with a discussion of open questions and fruitful avenues of inquiry that may bring us closer to
understanding the evolutionary dynamics of bacterial DNA base composition. J. Exp. Zool. (Mol. Dev.
Evol.) 322B:517–528, 2014. © 2014 Wiley Periodicals, Inc.
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Starting from the mid‐1950s, biologists have been intrigued by the
enormous variation in bacterial DNA base composition (the
relative abundance of G/C versus A/T nucleotides [Zamenhof
et al., '52]), currently estimated to extend from 13% to 75% GC
(Figure 1). It was important to account for this variation in GC
content because of its implications for the universal genetic code
and information transfer in cells, details of which were not yet
fully understood. Early hypotheses focused on mutational differences: if mutations were biased toward higher or lower GC, over
time this bias could accumulate and lead to the current patterns in
genome GC. In parallel, various environmental factors such as
mutagenic UV radiation, temperature, and oxygen limitation were
proposed to impose selection favoring higher or lower GC content.
However, none of them adequately explained the observed
patterns of variation in genomic GC content. Thus, despite major
advances in the resolution and size of datasets (for instance, via
advanced phylogenetic and sequencing methods), variation in
base composition continues to puzzle biologists.
A signiﬁcant change in base composition will also affect codon
usage, regulatory motifs, and the amino acid sequence, making it
difﬁcult to analyze how (and whether) each of these independently
shapes the GC content. This is a critical problem in understanding
the evolution of GC% because the interdependence of these factors
also diminishes our ability to accurately infer evolutionary
relationships between species (Gu et al., '98). Parallel selection on
genomic GC in diverse species could result in convergent
evolution of amino acid sequences, leading to incorrect
phylogenetic inference. Similarly, if selection on genomic GC

constrains functional protein evolution, species from distinct
lineages would appear to be closely related.
A number of recent studies have addressed this problem from
various perspectives—from experimentally quantifying parameters that can affect base composition, to analyzing phylogenetic
patterns of change in GC content. Here, we combine these diverse
perspectives with a review of major ideas and hypotheses proposed
to explain evolutionary change in genomic GC. We also present
preliminary analysis of variation in GC composition within
genomes, and indicate areas that need more attention.

MUTATIONAL BIASES
We begin with an overview of the evidence that suggested a major
role of mutational biases in the evolution of DNA base
composition. In the 1960s, Sueoka ('61, '62) ﬁrst proposed that
a simple two‐parameter model with effective mutation rates from
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Figure 1. The distribution of GC content of coding sequences
across all bacteria with sequenced whole genomes (using mean
values for multiple strains of a species where applicable). Sequence
data were downloaded from NCBI.

AT to GC and vice versa could generate large variation in base
composition. Importantly, the model included neutral as well as
non‐neutral effects of the mutational bias. Subsequently, Muto
and Osawa ('87) suggested that neutral accumulation of a large
number of mutations due to mutational bias was sufﬁcient to
explain the phylogenetic patterns of variation in GC content. In
support of this exclusively neutral hypothesis, they showed that
the composition of intergenic regions (thought to evolve mostly
neutrally) exhibited the strongest positive correlation with
genome GC%, followed by protein coding genes and stable
RNA genes (thought to evolve under greater selective constraint).
They also showed that GC content of the third (wobble) codon
position showed a strong positive correlation with genome GC,
while the second position showed a weaker correlation, as
expected from the neutral theory. This “neutralist” interpretation
of the data shifted the focus away from direct selection on genome
GC, proposing instead that genome GC content is an emergent
property arising from stochastic bias generated during mutation
J. Exp. Zool. (Mol. Dev. Evol.)
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repair or by methylation or deamination‐induced mutation
accumulation. In contrast, Sueoka ('88, '93) contended that
both neutral mutations and selective constraints on the resulting
mutations were important to explain compositional biases. GC
content thus featured prominently in selectionist vs. neutralist
arguments on the nature of molecular evolution. However, it is
now clear that mutational bias can itself evolve under selection
(Couce et al., 2013). For instance, if mutational biases are coupled
with high mutation rates (as seen in repair‐deﬁcient mutants), it is
plausible that the bias can be ﬁxed due to selection favoring
“mutator” strains (e.g., Loh et al., 2010). To rigorously test the
generality of this effect, we need empirical estimates of mutational
bias as well as the relative strength of selection acting on different
substitutions.
How does one quantify mutational biases within genomes? One
approach is to analyze polymorphisms at sites that are likely to
evolve under relaxed selection and accumulate neutral mutations.
While the degree of neutrality of mutations in different genomic
regions has been vigorously debated, fourfold degenerate sites in
coding sequences (i.e., sites where any nucleotide substitution
would be synonymous) typically show low rates of evolution.
Comparing the GC content at such sites (GC4) across 150
bacteria with <10% divergence, Hildebrand et al. (2010) showed
that mutations are consistently biased toward AT, except in
extremely AT‐rich bacteria. However, given the levels of species
divergence, even weak selection acting on fourfold synonymous
sites (e.g., selection to optimize codon usage for efﬁcient
translation) would introduce error in the measured mutational
bias. Indeed, fourfold degenerate sites do seem to evolve under
selection: they have signiﬁcantly enriched GC content relative to
intergenic sites, considered more likely to reﬂect actual mutation
rates (Hershberg and Petrov, 2012).
Another way to quantify mutational biases is to analyze
substitutions observed in recently diverged, closely related species
(or strains) evolving under relaxed selection. Such an analysis
of Shigella spp. compared to Escherichia coli revealed a strong
bias toward AT substitutions, suggesting that high GC content
may be maintained by the purging of AT substitutions in species
evolving under stronger purifying selection (Balbi et al., 2009).
A similar analysis of ﬁve recently evolved pathogenic clades
shows that mutation rates are largely biased in favor of GC ! AT
mutations (Hershberg and Petrov, 2010). An obvious corollary is
that substitutions between species that diverged farther back
in time should reﬂect the effect of selection, weakening the
measured bias toward AT substitutions. Indeed, both studies
mentioned above found evidence for weaker mutational bias in
sets of more diverged species. Further, Hershberg and Petrov
found that for most species, the expected GC content under
mutational equilibrium (GCeq, calculated using the measured AT
bias) was lower than their current GC content, suggesting that
selection may be pushing genome composition away from
mutational equilibrium. Interestingly, the GC content of obligate
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intracellular symbionts matched the GCeq predicted using other
members of their clade. A previous analysis of closely related
Buchnera species (obligate aphid endosymbionts) also found that
the synonymous substitution rates for AT ! GC and GC ! AT
were nearly equal (Wernegreen and Funk, 2004). Since these
symbionts are thought to evolve largely under genetic drift as a
result of frequent population bottlenecks (Moran et al., 2008),
these results indicate that selection may be responsible for the
maintenance of non‐equilibrium GC content in free‐living
species.
Both approaches outlined above assume that mutational
patterns observed at speciﬁc sites in a set of species closely
reﬂect true mutation spectra. A more direct approach is to measure
the mutational bias in experimental populations by counting the
number of mutations of each type that accumulate in the absence
of selection. However, assuming a mutation rate on the order of
1011 per base per generation, a genome size of 4 Mb, a bottleneck
population size of 10 (to minimize selection), and a doubling time
of 1 hr, only about 20 mutations would accumulate in 1,000
experimental days. This problem can be overcome using mutants
deﬁcient in DNA repair, which can result in mutation rates as high
as 108 per base per generation. However, these mutants often
have altered mutation spectra: in fact, early work on such mutants
(although carried out in the presence of selection) immediately
suggested a molecular mechanism through which GC changes
could occur in natural populations (reviewed in Wang et al., '98).
For instance, when Cox and Yanofsky passaged E. coli mutT
mutants for 1,200 generations at high cell densities, they
found more AT ! GC reversions in the Trp synthetase gene and
increased density of genomic DNA (a proxy for GC%; Cox and
Yanofsky, '67). However, since DNA sequencing was difﬁcult at
that point, these early studies relied on and detected mutations in
speciﬁc genes, limiting their power to estimate genome‐wide
mutation spectra.
More recently, Lind and Andersson (2008) passaged Salmonella
typhimurium mutants lacking various repair genes for 5,000
generations under relaxed selection, and sequenced the genomes
of two evolved mutants and one evolved wild type strain. In the
mutants, 98% of the observed 943 base pair substitutions were
GC ! AT mutations. On the other hand, the wild type strain had
accumulated only 15 substitutions, with no apparent bias. The
authors estimated that a 1% change in genome GC% could thus
occur rapidly in evolutionary timescales (in 1,400 years), even if
the repair deﬁcient mutant divided just once a day. In other
mutation–accumulation experiments, E. coli and Bacillus subtilis
mutants defective in MMR (mismatch repair) also switched from
an AT‐biased mutation spectrum (wild type) to more GC‐biased
mutations (Lee et al., 2012; Akashi and Yoshikawa, 2013). An
obvious limitation of these studies is that the data are derived from
a few bacterial species evolving largely under genetic drift in
stable lab environments. Hence, it is unclear whether the results
can be generalized across bacteria in their natural habitats.
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Regardless, they serve to demonstrate that while most species
either lack a detectable bias or are biased toward AT mutations,
deﬁcient mutation repair systems could cause relatively rapid
shifts in base composition in populations under weak selection.
For instance, many obligate intracellular symbionts with low GC
content lack DNA repair enzymes that are otherwise widely
conserved across bacteria, suggesting that the loss of these
enzymes may lead to accumulation of AT mutations in these
species (Lind and Andersson, 2008). Such enzyme loss may also be
associated with selection for “genome streamlining.” For instance,
single‐cell genome sequencing reveals that marine planktonic
oligotrophs that require very low nutrient concentrations have
genomes 38% GC, compared to sympatric copiotrophs (which
require high nutrient concentrations) with 48% GC content
(Swan et al., 2013).
Altogether, results from the various efforts to estimate mutation
bias indicate that in most bacteria, mutational biases push
genomes toward increasing AT content. Deﬁcient repair systems
in species evolving under relaxed selection (or under selection for
gene loss) could thus explain AT‐rich genomes such as those of
obligate intracellular symbionts. However, since GC rich genomes
are widespread, the AT bias must be opposed by selection favoring
GC substitutions or purging AT mutations. This selection could
either operate through physiological or functional constraints
(e.g., tradeoffs with protein function), or via external environmental conditions (e.g., temperature). In the following sections, we
highlight both types of selection that have been proposed to affect
DNA base composition.

FUNCTIONAL CONSTRAINTS AT THE MOLECULAR LEVEL
Codon and Amino Acid Use
Many species exhibit biased codon usage in protein‐coding genes,
so that one or more codon(s) are used more frequently than their
synonymous counterparts. Codon use is thought to co‐evolve
with tRNA genes due to selection for translation efﬁciency
(Ikemura, '85). If this were correct, we would expect that selection
on codons to match the cellular tRNA pool might sometimes
oppose mutational biases. Similarly, amino acids under selection
for protein function could also constrain change in base
composition. However, proteins from GC‐rich genomes are
typically enriched in amino acids encoded by GC‐rich codons,
and the opposite is true for low‐GC genomes (e.g., Knight
et al., 2001). To determine whether functional aspects of amino
acids were signiﬁcantly affected by GC content, Gu et al. ('98)
compared the amino acid composition of 15 bacterial proteins
across multiple species. They did not ﬁnd a signiﬁcant relationship
between gene GC content and the amino acid charge. However, the
frequency of ambivalently charged amino acids was positively
correlated with genome GC, suggesting that the amino acid
composition of genes is shaped by the mutational bias prevalent in
genomes, and that functional constraints on proteins does not
J. Exp. Zool. (Mol. Dev. Evol.)

520
seem to play a major role as expected. A similar pattern is observed
in different bacterial phyla, suggesting that despite potentially
variable selective pressures and redundancy of the genetic code,
genomic GC content is associated with the use of similar amino
acids (Lightﬁeld et al., 2011). Using a simple mutation‐selection
model that incorporated variation in substitution rates at different
codon positions, Knight et al. (2001) could quantitatively predict
more than 70% of the variation in codon and amino acid use as a
function of genome GC%. Together, these studies indicate that
codon and amino acid use are probably shaped by genome GC
content rather than the reverse.
Interestingly, a more extensive analysis of >2,000 bacterial
genome sequences shows that amino acid usage and codon usage
are affected both by GC content and taxonomic relatedness
(Bohlin et al., 2013). Using a generalized additive mixed effects
model to analyze factors affecting the information content of
amino acids, Bohlin et al. found that ancestry constrains amino
acid use of GC‐rich organisms more than that of AT‐rich species.
In other words, amino acid use of AT‐rich genomes is more
“random” than that of GC‐rich species, suggesting that the former
face weaker purifying selection consistent with their frequently
observed lifestyles as obligate intracellular symbionts. However,
the cause of purifying selection on amino acid usage in GC‐rich
genomes remains uncertain.
Protein Stability
An interesting consequence of using AT‐rich codons is that
resulting protein will be enriched in hydrophobic residues (Gu
et al., '98; D'Onofrio et al., '99), making them more robust to
unfolding but also more prone to misfolding and aggregation.
Thus, if protein stability (as a function of both misfolding and
unfolding) affects ﬁtness, how is the balance between unfolding
and misfolding achieved? Mendez et al. (2010) tested how these
opposite mutational effects on protein folding stability and
misfolding propensity would affect GC evolution. They used a
population genetic model to test the role of mutation bias and
population size on protein folding stability. Their model predicts
that for small populations, low GC bias maximizes protein
stability along both axes considered‐misfolding and folding
energy. For intermediate population sizes, high GC is optimal; and
for large populations, an even GC composition (50%) is best. To
test these predictions, they estimated population sizes of different
species from their “selected” codon usage (i.e., codon bias in excess
of that predicted by mutation bias) and from the ratio of
nonsynonymous to synonymous mutations. Finding that species
with extreme GC bias have smaller populations compared to
species with no bias, they conclude that high GC% is indeed
optimal at intermediate population sizes, whereas extreme bias is
selectively favored in small populations. However, there are a
number of problems with this interpretation. First, genome GC
content is estimated using GC3 (GC content at third codon
positions), which is also strongly correlated with codon usage bias
J. Exp. Zool. (Mol. Dev. Evol.)
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that is used to infer effective population size. Thus, the estimated
correlation between genome GC and effective population size
may be spurious. Second, extreme bias in codon use may arise
either due to low effective population size or due to relaxed
selection on codon use or genome GC, and there is no reason to
choose one over the other. More generally, extreme trait values
(such as extreme GC or AT bias) are more likely to be ﬁxed in small
populations, while selection for a balanced composition would be
more effective in large populations regardless of whether the
selection directly acted via protein stability. Finally, it is unclear
why stable proteins would be more advantageous in smaller
populations; population genetic theory predicts that mutations are
more likely to be effectively neutral in small populations. Protein
stability may thus arise as a byproduct of the ﬁxation of
mutational biases by genetic drift in small populations. While it is
plausible that selection on stability could be a major evolutionary
pressure determining genome composition, it remains to be tested
whether it is an important mechanistic basis of selection on
genomic GC.
DNA Polymerase Domains
An intriguing alternative hypothesis suggests that different
domains of the alpha subunit of DNA polymerase are associated
with genomic GC content variation in eubacteria (Zhao
et al., 2007; Wu et al., 2012). If these different domains result
in consistently variable mutation spectra during DNA
replication and repair, the polymerase sequence and structure
could constrain GC evolution. However, the hypothesis needs
to be tested rigorously, accounting for phylogenetic non‐
independence of the data, testing whether evolutionary change
in the DNA Pol domains is consistently associated with a change
in genome GC, and ﬁnally, conﬁrming the causal relationship
between the two variables (see reviewer comments to Wu et al.,
2012).
Gene Regulation and Horizontal/Lateral Gene Transfer (HGT/LGT)
Bacteria seem to exchange genetic material quite frequently
(Choi and Kim, 2007), which may have major consequences for
recipient ﬁtness and impose selection to efﬁciently detect and
regulate newly transferred genes. Hence, it was suggested that
species‐speciﬁc GC bias may be maintained because it is used as
a self/non‐self recognition system (Forsdyke, '96) via selective
H‐NS mediated repression of foreign DNA with lower GC content
(Navarre, 2006; Navarre et al., 2007). However, the hypothesis
relies on a number of assumptions that are not supported: that
HGT occurs largely from GC‐poor to GC‐rich species and is often
deleterious, that GC content of species is stable, and that there
is sufﬁciently low GC variation within each genome that
foreign DNA can be reliably recognized based on its GC content
(see section on within‐genome variance below). While it is
conceivable that GC content contributes to bacterial mechanisms
to target foreign DNA, it is thus unlikely that regulation of
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foreign DNA plays an important role in the evolution of GC
content.

SELECTION IMPOSED BY ENVIRONMENTAL FACTORS
Along with the molecular and theoretical analyses of mutational
biases discussed above, many studies have tried to identify speciﬁc
environmental factors that could drive changes in the base
composition of natural populations. This was an attractive set of
hypotheses because it offered the possibility of direct selection for
high or low GC content as species moved to new habitats or as the
environment changed. We discuss some of these major hypotheses
below, not necessarily because they are all well supported, but
because they inﬂuenced contemporary thinking about GC content
(Fig. 1).
UV Exposure
One of the ﬁrst hypotheses proposed that exposure to thymine
dimer‐inducing UV radiation in sunlight would selectively favor
low thymine content (i.e., high GC content), supported by a
positive association between qualitative assessments of UV
exposure (e.g., “high” for aerobes) and GC content (Singer and
Ames, '70). Because UV selection cannot account for low GC
content (the absence of selection for high GC content should result
in an equilibrium GC around 50%), the authors proposed an
additional (unknown) selective agent that operated only in the
absence of sunlight. Interestingly, they also proposed a mechanism for rapid shifts in GC content: mutator genes could change
the mutation spectrum of an organism and allow the accumulation of neutral changes that could lead to a signiﬁcant change
in genome GC over a long time period; these mutants could
then be selectively favored in an appropriate environment.
However, subsequent work did not support the UV hypothesis.
Relative to intergenic sequences, coding sequences of 220
bacteria were not signiﬁcantly depleted in pyrimidine dinucleotides that are susceptible to UV damage, and neither were genes of
Prochlorococcus marinus strains inhabiting surface waters versus
deeper waters (Palmeira et al., 2006).
Temperature
Perhaps the most appealing hypothesis of all, selection for
increased DNA stability at high temperatures seemed to be a very
convincing argument to explain higher GC content of warm‐
blooded animals (Bernardi and Bernardi, '86), and was co‐opted to
explain variation in prokaryotic GC content. However, an analysis
of >200 bacterial genera did not ﬁnd a correlation between
optimal growth temperature and genomic GC content (Galtier and
Lobry, '97). Soon thereafter, in an analysis that accounted for the
effect of shared ancestry, neither eubacteria nor archaea showed a
positive correlation between optimal growth temperature and
whole genome GC% (Hurst and Merchant, 2001). Furthermore,
experimental evolution of Pasteurella multocida at high temperature for 14,000 generations resulted in accumulation of more AT
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than GC dinucleotides, suggesting that increased AT content was
not disadvantageous at high temperatures (Xia et al., 2002). Thus,
it seems unlikely that genomic GC content is driven by thermal
adaptation.
Nutrient Limitation or Energetic Constraints
McEwan et al. ('98) found that nitrogen‐ﬁxing bacteria had higher
GC content than non‐ﬁxers, and suggested that this difference
reﬂected selection for AT base pairs because they use less nitrogen
than GC pairs. However, this interpretation assumes that microbes
unable to ﬁx nitrogen are limited by its availability, which may
not be true. In addition, most bacteria are not nitrogen ﬁxers, and
therefore the generality of this hypothesis in explaining variation
in GC content is questionable (Rocha and Feil, 2010).
Rocha and Danchin (2002) found that across >50 bacteria,
plasmids, and insertion elements (IS) typically have lower GC
content than their host chromosome, and genes in plasmids are
also more AT‐rich than their homologs in the host chromosome.
They proposed that the relative availability and/or energetic
expenditure incurred by different nucleotides could impose strong
selection that differentiates free living versus host dependent
bacteria as well as phages and IS elements. Because GTP and CTP
are energetically more costly to generate that ATP and UTP, they
suggested that AT‐rich intracellular pathogens would be favored
over their GC‐rich counterparts. As the authors point out, however,
selective or concentration‐dependent beneﬁts of AT use can only
explain the ﬁxation or maintenance of AT‐biased mutators in a
population, but not the occurrence of GC‐rich bacteria.
On a somewhat related note, Vetsigian and Goldenfeld (2009)
attempted to reconcile the evolution of compositional and other
genomic biases by incorporating feedback loops between
mutation, selection, and resource allocation to various critical
cellular processes such as replication, transcription, and translation. They predicted that bistability arises as a consequence of
such feedback‐mediated coevolution, and may lead to divergent
stable GC compositions observed across species. However, there is
no empirical support for the model, and it is also unclear how one
would experimentally test for bistability in GC content.
Aerobiosis
Naya et al. (2002) showed that across bacterial phyla, strictly
aerobic genera have signiﬁcantly and consistently higher genomic
GC compared to genera containing strict anaerobes. While the
analysis did not speciﬁcally account for phylogenetic relationships, the pattern is consistent within three bacterial phyla and
two archaeal phyla; strongly suggesting that aerobiosis is
generally associated with high GC content. This is counterintuitive
given that of all four bases, G is most susceptible to oxidative
damage. The authors thus suggest that other, positive impacts of
high GC% could contribute to its association with an aerobic
lifestyle: amino acids encoded by GC‐rich codons are typically less
susceptible to oxidative damage; GC‐rich DNA is more stable,
J. Exp. Zool. (Mol. Dev. Evol.)
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decreasing access to oxidative radicals; and GC‐rich genes include
a greater number of fourfold degenerate sites that could buffer
against deleterious mutations. At present, however, we cannot
distinguish between these possibilities or verify them empirically.
Interestingly, another recent study also indicates that aerobic
bacteria have more homogeneous GC content within their
genomes compared to anaerobic bacteria, suggesting that aerobes
may indeed be evolving under purifying selection favoring high
GC content (Bohlin et al., 2010).

THE INFLUENCE OF HISTORY: COMPARATIVE ANALYSES
As early as 1956, Lee et al. pointed out that taxonomically similar
species have similar DNA base composition, and that phylogenetic
relationships might thus constrain GC content (Lee et al., '56).
While subsequent addition of data seemed to corroborate this idea
(Sueoka, '61), surprisingly few studies have actually quantiﬁed the
rate and direction of long‐term evolutionary change in GC
content. Ochman and Lawrence ('96) qualitatively analyzed 17
species of bacteria and suggested that closely related species (e.g.,
within a genus) tend to have very similar base composition. Gu
et al. ('98) subsequently tested the correlation between GC4 (GC
content at fourfold synonymous sites) and divergence time using
15 genes across 15 bacteria, with phylogenetic independent
contrasts. They did not ﬁnd a signiﬁcant correlation between GC%
and divergence time, indicating a lack of substantial selective
variation in GC content. Finally, Haywood‐Farmer and Otto (2003)
tested a Brownian‐motion model of GC% evolution in each of ﬁve
different bacterial lineages (including a total of 78 species), using
maximum likelihood to evaluate model ﬁt. The Brownian motion
model assumes a constant rate of evolution in continuous trait
space, simulated as a random diffusion process. Thus, it serves as a
null model since there is no directional trend in the rate of change
of GC% over time or across species, and descendants of each node
in the phylogeny have a normally distributed GC content centered
at the mean GC of the ancestor. They found no evidence to reject
this null model: the rate of change in GC% was similar across the
ﬁve lineages examined, and both the rate of change and variance
in GC within each lineage were consistent with the Brownian
model. These results suggested that evolutionary change in
genomic GC follows a random diffusion process and is probably
not driven by selective processes that would change the rate of
evolution across time and clades.
To visualize broader phylogenetic trends in GC content, we
mapped genomic GC% on a maximum‐likelihood 16S rDNA tree
of 1,944 bacteria with whole genome sequences (Fig. 2; tree
generated using phyML [Guindon et al., 2010]). When multiple
strains of a single species were available, we used their average GC
content and used a single tip to represent the species on the
phylogeny (with a total of 1,078 taxa). Following Haywood‐
Farmer and Otto (see above), we used a Brownian motion model of
evolution implemented in the R package “phytools” (Revell, 2011;
R Core Team, 2013). Ideally, we would ﬁrst conﬁrm that a
J. Exp. Zool. (Mol. Dev. Evol.)
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Brownian motion model is appropriate for our trait, and then test
whether our data ﬁt alternative models of evolution; we are
currently doing such an analysis. Here, however, our aim is simply
to provide visual demonstration of the degree and patterns of
variation in GC content across the current bacterial phylogeny. As
noted in previous analyses, it appears that major bacterial clades
have markedly distinct composition, indicating substantial
phylogenetic inertia in GC content. The mapping also suggests
that most lineages started with a balanced GC content, and that
high GC% evolved early in the history of GC‐rich clades such as
the Actinobacteria. In contrast, there are many independent
instances of lineages in which GC content decreased relatively
recently, such as in the Mycoplasmas and Rickettsias. However,
species with the most extreme reductions in GC content (typically
intracellular symbionts such as Buchnera sp. and Candidatus spp.)
are almost always nested within clades that already showed a
trend toward reduced GC content. Our preliminary mapping of GC
content on a large bacterial phylogeny thus seems to uphold many
of the previous patterns noted from earlier work. Rigorous
comparative analysis at this scale, including tests of association
with multiple factors such as DNA repair enzyme repertoires and
habitat variables, will be extremely valuable to understand
evolutionary change in GC%.

COMPOSITIONAL VARIATION WITHIN GENOMES
If genomic GC content is inﬂuenced by selection, a number of
questions need to be answered. Is this inﬂuence a combined result
of weak selection acting on the composition of many genes, or
moderate to strong selection acting on the composition of a few
key genes; or does it act on the entire genome as a unit? In other
words, if we identiﬁed and understood the cause(s) and nature of
selection on the composition of a few genes in each genome, could
we predict the evolutionary trajectory of genomic GC content?
Alternatively, is selection acting on mechanisms that generate
mutational biases, which indirectly leads to the correlated
evolution of GC content? One way to address these questions is
to quantify and understand the nature of variation in base
composition across genes with a shared evolutionary history. For
instance, gene position in the chromosome can signiﬁcantly affect
selection pressures acting on base composition: genes that are
close to the replication terminus have higher AT content compared
to other genes, and also have higher evolutionary rates (Daubin
and Perrière, 2003). When Bohlin et al. (2010) analyzed the
variance in GC content of 500 genomes in 100 bp sliding
windows, they found that taxonomic relatedness signiﬁcantly
affected within‐genome heterogeneity, suggesting that related
bacteria share signatures of selection on genome GC.
Barring the above exceptions, most studies of DNA base
composition have focused on between‐species variation in
average GC content, largely ignoring variation within genomes.
While early data on gene GC content suggested compositional
homogeneity, it is clear from analysis of whole genome sequence
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Figure 2. The distribution of mean GC content across the bacterial phylogeny, mapped using a Brownian‐motion model of evolution (see text
for details). Red lines indicate species with extremely low GC content, mostly Candidatus sp. Species names are in black, along the tips of the
phylogeny. A high‐resolution image is available on request.

data that there is substantial variation in base composition even
within bacterial genomes. This variation is important from an
evolutionary standpoint because strong directional selection on
overall genomic GC content is expected to reduce heterogeneity.
On the other hand, genomes may show high levels of compositional variation if (a) organisms experience temporally ﬂuctuating
and opposing selection pressures (b) different genes face selection
in opposite directions or of different strength, and (c) a high rate of
lateral gene transfer introduces genes with varying composition.
Thus, data that can distinguish between these possibilities are
essential.
To start with, we need estimates of the degree of variability in
GC content across genes. We calculated the variation in gene‐

speciﬁc GC content for all coding sequences from the bacterial
genomes described above. We found a surprisingly large amount
of between‐gene compositional variation: the GC content of most
genes in an average bacterial genome falls within 12% (three
standard deviations) of the mean genome GC (Fig. 3A). To compare
against expected variation if genes had more uniform composition, we constructed 100 codon‐randomized synonymous variants
of each genome. For each variant we re‐coded each gene in turn,
sampling codons according to the observed genome‐wide relative
codon use per amino acid. Thus, we maintained the amino acid
sequence of each gene and the overall codon bias of each genome,
and randomly sampling from the same codon frequency
distribution effectively homogenized the composition of genes
J. Exp. Zool. (Mol. Dev. Evol.)
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Figure 3. The distribution of within‐genome variation in base composition across bacterial species, shown as the (A,B) standard deviation
(SD) of gene GC% and (C,D) range of gene GC% within each genome. Dashed vertical lines indicate the mean value of the variable. Panels (B)
and (D) show the degree of within‐genome variation in base composition after randomly shufﬂing synonymous codon in each gene,
maintaining the overall codon bias in each genome (100 randomizations per genome; plots show the distribution of average SD and range in
GC% calculated from these 100 trials).

within each genome. We calculated the standard deviation (SD) of
each randomized variant, and generated a distribution of the
average within‐variant SD for all genomes (Fig. 3B). This
distribution of within‐genome variation in GC% for randomized
genomes is signiﬁcantly different than that for real genomes
(compare Fig. 3A and B; Kolmogorov–Smirnoff test, D ¼ 0.54,
P < 0.001). Thus, genes in real genomes tend to have more variable
GC composition than expected based on random sampling of
codons. On average, the most GC‐rich and GC‐poor genes within a
genome differed in their GC content by 34.6%, with a minimum
difference of 11.5% (Fig. 3C). Again, random codon variants
exhibit a narrower range of within‐genome gene GC% (Fig. 3D;
Kolmogorov–Smirnoff test comparing distributions in Fig. 3C and
D, D ¼ 0.42, P < 0.001). Granulibacter bethesdensis has the largest
within‐genome GC difference of 66%, with a range of 5.7–71.6%
GC across its genes. Thus, this organism has a range of GC% that is
larger than that found across species (13–75%). On the other hand,
some pathogenic groups such as the Mycoplasmas, Mycobacteria,
J. Exp. Zool. (Mol. Dev. Evol.)

and Chlamydias are remarkably homogenous, with their most GC‐
rich and AT‐rich genes differing by less than 10%. Interestingly,
plant symbionts such as Sinorhizobia also have relatively
homogeneous genomes. Looking at the distribution of SD of
gene GC% across the phylogeny (without mapping the trait;
Fig. 4), we can see that related species often have a similar degree
of homogeneity, corroborating previous work by Bohlin et al.
(2010). Phylogenetic analysis of change in within‐genome
variation in GC content in conjunction with evolution of mean
GC% will provide more information on the degree of selection
acting on base composition.

EMPIRICAL EVIDENCE FOR SELECTION ON GC CONTENT
Meta‐Genome Data
If genomic GC were driven by strong environmental selection, a
simple expectation is that the average GC% of entire bacterial
communities should be similar, and should change systematically
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Figure 4. Distribution of the SD in gene GC% across the bacterial phylogeny shown in Figure 2. Species names at the tips of the phylogeny are
colored according to bins of SD in the GC content of all genes within each genome, as indicated by the color legend.

across relevant ecological gradients. It is possible to test this using
meta‐genome data collected across environmental gradients.
As a step in this direction, Foerstner et al. (2005) analyzed
metagenomes from diverse samples (farm soil, Sargasso sea
surface, acid mine drainage, and deep‐sea whale carcasses) and
found that the distribution of GC content in raw reads was narrow
and signiﬁcantly different between samples. The variation
between samples could not be attributed to different community
composition or to dominant species, and closely related species
from different samples showed distinct GC content, suggesting
local adaptation. Romero et al. (2009) also showed that in a depth
sampling series of north paciﬁc marine water, the GC distribution
of metagenomic reads shifted toward increasing values at higher
depths. The authors suggest that decreasing oxygen availability in
deeper waters may be responsible for this trend, with aerobic
conditions favoring high GC content. While these studies indicate

that metagenome data can be useful to test competing hypotheses,
we need larger studies that can compare associations between
multiple different ecological variables and genomic GC%.
Experimental Data
To date, there has been only one explicit test of potential ﬁtness
effects of GC content. Raghavan et al. (2012) expressed
synonymous variants of two non‐native genes (GFP and a phage
DNA polymerase) controlled by an inducible promoter in E. coli,
and measured gene expression and growth rate as a function of the
allelic GC content. They found that strains carrying high‐GC
alleles had higher growth rates, although the mechanism for this
effect remains unclear since the genes have no function in E. coli
and expression levels did not vary as a function of allele GC%.
Notably, compared to uninduced cultures, mutants carrying
AT‐rich GFP had a larger decline in growth than those carrying
J. Exp. Zool. (Mol. Dev. Evol.)
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Figure 5. Experimentally determined ﬁtness effects of (A,B) point mutations in two ribosomal genes in S. typhimurium (Lind et al., 2010) and
(C) synonymous allelic variants of a metabolic enzyme‐coding gene in M. extorquens AM1 (Agashe et al., 2013). WT, wild type; error bars show
standard error of growth measurements. In panels (A) and (B), n is the number of different mutants of each type that were tested, and P values
indicate the effect of the new base on relative growth rate.

GC‐rich GFP. Contrary to the authors' interpretation, these data
thus suggest deleterious effects of AT substitutions rather than a
selective beneﬁt of GC bases. If these results are generally
applicable, they imply that selection opposing mutational bias
may be independent of gene function.
In natural populations, selection based on gene function is
expected to be much stronger and should constrain effects of
mutational biases. Unfortunately, there have been no explicit tests
of the ﬁtness impact of AT versus GC substitutions in functional
genes. However, previous mutational studies can shed some light
on the question of whether GC‐biased mutations tend to be more
beneﬁcial. Lind et al. (2010) had quantiﬁed the distribution of
ﬁtness effects of point mutations in two ribosomal protein‐coding
genes in S. typhimurium. Analyzing their data (Table S1 in their
paper), we can see that in both genes, substitutions that resulted
in G/C bases did not have signiﬁcantly higher ﬁtness effects than
A/T substitutions (Fig. 5A,B). Similarly, for a highly expressed
functional enzyme (fae) in Methylobacterium extorquens, we had
previously found that the GC content of fae alleles was not a good
predictor of the ﬁtness loss in synonymous variants (Fig. 5C)
(Agashe et al., 2013). In addition, all eight beneﬁcial point
mutations that restored ﬁtness of these variants during laboratory
evolution were GC ! AT substitutions (Agashe et al., unpublished
manuscript). Thus, these observations do not support the idea
that selection acting on a few key genes can overwhelmingly favor
GC‐rich mutations and oppose the overall AT mutational bias. Of
course, this is only speculation at this point, since the above
experiments were not designed to test the relative distributions of
ﬁtness effects of AT or GC substitutions, and have a limited
sampling of genes and mutations.
J. Exp. Zool. (Mol. Dev. Evol.)

CONCLUSIONS
Efforts to understand the neutral and selective forces affecting
DNA base composition of species have a long history, evolving
along with major ideas in molecular and evolutionary biology. We
have tried to present an inclusive narrative of this history leading
up to new developments. Through a preliminary analysis of GC
content across the bacterial phylogeny, we highlight patterns that
need to be explored further. Data from various approaches
discussed above make it clear that most bacteria have AT‐biased
mutation spectra, and that rapid evolutionary shifts in genome
composition may be facilitated by a loss or a deﬁciency in DNA
repair enzymes. Such a process is likely to explain the rapid
evolution of AT‐biased genome composition of intracellular
symbionts. On the other hand, GC‐rich genomes seem to evolve
under positive selection that maintains their high GC content.
However, the nature, strength, and source of selective pressure(s)
remain unclear. It is possible that aerobiosis (either alone or in
combination with other selective pressures) imposes signiﬁcant
selection on genome GC content, although the molecular
mechanism(s) responsible for this are also unknown. Most
importantly, it appears that there may be no truly “neutral” sites
in bacterial genomes (Rocha and Feil, 2010). Thus, to estimate
neutral mutation rates we need more direct measurements of
mutation rates and spectra. Below, we suggest a few lines of
research that could shed light on some pieces of the puzzle of DNA
base composition in bacteria.
1. To test models of GC evolution, we need estimates of the
mutation spectra of a large number of species with varying
initial GC content. Currently, we do not know whether

EVOLUTION OF BACTERIAL GC CONTENT
mutational biases differ across genes and whether and how
long they can be sustained under conditions such as large
population sizes and environmental selection pressures. An
important question that needs to be answered is: what is the
ﬁxation probability of mutations that alter the mutation
spectrum?
2. A rigorous comparative analysis of change in the mean and
variation in GC content across bacteria can provide answers to
many critical questions. What is the rate of evolutionary
change in genomic GC content? Are major changes in this rate
observed in speciﬁc clades, and are they associated with
speciﬁc ecological or molecular changes? For instance, does
evolution of a pathogenic or symbiont lifestyle or changes in
DNA repair enzymes consistently lead to altered GC%?
3. Analyzing within‐genome variation in GC content can provide
clues about the nature of selection maintaining GC‐rich genomes,
and indicate whether selection acts via multiple genes or a few
key genes. Comparing the GC content of conserved, functional,
and rapidly evolving genes would allow us to test whether
gene‐speciﬁc, functional selection affects rates of GC change.
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