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Rates of single nucleotide substitution in Drosophila are highly variable within the genome, and several examples
illustrate that evolutionary rates differ among Drosophila species as well. Here, we use a maximum likelihood method to
quantify lineage-specific substitutional patterns and apply this method to 4-fold degenerate synonymous sites and introns
from more than 8,000 genes aligned in the Drosophila melanogaster group. We find that within species, different classes
of sequence evolve at different rates, with long introns evolving most slowly and short introns evolving most rapidly.
Relative rates of individual single nucleotide substitutions vary;3-fold among lineages, yielding patterns of substitution
that are comparatively less GC-biased in the melanogaster species complex relative to Drosophila yakuba and
Drosophila erecta. These results are consistent with a model coupling a mutational shift toward reduced GC content, or
a shift in mutation–selection balance, in the D. melanogaster species complex, with variation in selective constraint
among different classes of DNA sequence. Finally, base composition of coding and intronic sequences is not at
equilibrium with respect to substitutional patterns, which primarily reflects the slow rate of the substitutional process.
These results thus support the view that mutational and/or selective processes are labile on an evolutionary timescale and
that if the process is indeed selection driven, then the distribution of selective constraint is variable across the genome.

Introduction

Rates and patterns of molecular evolution are gov-
erned by the dynamic interplay among mutation, random
genetic drift, biased gene conversion (BGC), and natural
selection. As a consequence, population genetic parameters
that modulate the effects of these forces can lead to varia-
tion in rates of single nucleotide substitution within ge-
nomes as well as between genomes. Effective population
size, coefficients of selection, recombination rate, domi-
nance coefficients, and chromosomal location, among other
factors, are all likely to contribute to heterogeneity in intra
and intergenomic heterogeneity in substitution rate.

There is a wealth of literature documenting heteroge-
neity in rates and patterns of evolution within species in
Drosophila. For instance, several functional classes of
genes are known to evolve particularly rapidly, such as im-
mune-related genes (e.g., Schlenke and Begun 2003; Sackton
et al. 2007; for a review see Lazzaro 2008), sex- and repro-
duction-related genes (e.g., Begun et al. 2000; Swanson
et al. 2001; for a review see Swanson and Vacquier
2002; Haerty et al. 2007), and genes with sex-biased ex-
pression patterns (e.g., Zhang et al. 2004; Proschel et al.
2006; for a review see Ellegren and Parsch 2007; Zhang
et al. 2007). Factors influencing the strength of purifying
selection on proteins as well as features affecting the degree
to which individual proteins are subject to positive selection
also contribute to variation in evolutionary rate among pro-
teins. These factors include expression level, developmen-
tal timing of expression, recombination rate, gene
essentiality, and gene structure features such as intron pres-
ence/absence, intron length protein length, and contact den-
sity (e.g., Betancourt and Presgraves 2002; Marais et al.
2004, 2005; Davis et al. 2005; Lemos et al. 2005; Zhang
and Parsch 2005; Larracuente et al. 2008; Zhou et al.

2008). Chromosomal linkage also has the potential to sig-
nificantly affect rates of evolution in X-linked versus auto-
somal sequences (Avery 1984; Charlesworth et al. 1987;
Betancourt et al. 2004). Although in Drosophila, while
some evidence suggests X-linked genes evolve more rap-
idly than autosomal genes (Betancourt et al. 2002; Thornton
and Long 2002; Counterman et al. 2004; Begun et al. 2007;
Baines et al. 2008), this does not appear to be a universal
trend (Thornton et al. 2006; Singh et al. 2008).

Noncoding sequences in Drosophila have also been
shown to have variable evolutionary rates and appear gen-
erally more highly constrained than synonymous sites
(Bergman and Kreitman 2001; Halligan et al. 2004; Kohn
et al. 2004; Andolfatto 2005; Haddrill et al. 2005, 2008;
Kern and Begun 2005; Bachtrog and Andolfatto 2006; Hal-
ligan and Keightley 2006; Haddrill and Charlesworth
2008). Patterns of constraint and divergence in intronic
and intergenic sequences and in untranslated regions
(UTRs) appear variable as well, although the precise distri-
bution of selective constraint across noncoding sequences
remains somewhat unclear. Although initial studies indi-
cated that patterns of constraint were similar between con-
served intergenic and intronic regions (Bergman and
Kreitman 2001), later studies suggested that introns and in-
tergenic regions do, in fact, differ with respect to degree of
selective constraint (Halligan et al. 2004; Andolfatto 2005;
Bachtrog and Andolfatto 2006), as do UTRs (Andolfatto
2005; Haddrill et al. 2008). More recent evidence further
suggests that patterns of divergence in noncoding sequence
are likely functionally related to sequence length, with short
introns and intergenic sequences evolving more rapidly
than longer noncoding sequences (Haddrill et al. 2005;
Bachtrog and Andolfatto 2006; Halligan and Keightley
2006), which does not appear to be due to differences in
underlying mutation rate (Wang et al. 2007).

In addition to varying within genomes, evolutionary
rates have been shown to vary among species in Drosophila.
It is easy to intuit how at least some protein-coding genes
could evolve in a lineage-specific fashion, given the mor-
phological, behavioral, and ecological diversity encom-
passed by the genus Drosophila. Indeed, recent comparative
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genomic efforts have identified several genes and gene fam-
ilies that appear to be evolving in a manner that is consistent
with lineage- or clade-specific selective pressures (e.g.,
Drosophila 12 Genomes Consortium 2007; McBride
2007; McBride and Arguello 2007). Even closely related
species such as Drosophila melanogaster and Drosophila
simulans often show markedly different rates of evolution
in orthologous genes (e.g., Eanes 1994; Akashi 1996;
Takano 1998; Nielsen et al. 2007), suggesting that factors
contributing to evolutionary rate heterogeneity can be
extremely labile on an evolutionary timescale.

Beyond heterogeneity in evolutionary rate within and
among Drosophila species, patterns of coding and noncod-
ing sequence evolution are known to vary significantly as
well. For instance, patterns of codon usage in protein-cod-
ing sequences have been shown to vary among Drosophila
genomes (e.g., Vicario et al. 2007), most notably in the
Drosophila saltans and Drosophila willistoni lineages
(Anderson et al. 1993; Rodriguez-Trelles et al. 1999,
2000a, 2000b; Powell et al. 2003; Heger and Ponting
2007; Vicario et al. 2007). Like protein evolutionary rate,
intragenomic variation in codon bias has been associated
with a multitude of factors including recombination rate,
protein length, expression level, gene structure, gene den-
sity, and chromosomal linkage (Kliman and Hey 1993;
Akashi 1996; Eyre-Walker 1996; Comeron et al. 1999;
Duret and Mouchiroud 1999; Comeron and Kreitman
2000; Marais and Duret 2001; Marais et al. 2001, 2003;
Vinogradov 2001; Hey and Kliman 2002; Hambuch and
Parsch 2005; Singh et al. 2005, 2008). The degree of
GC bias in segregating polymorphisms and single nucleo-
tide substitution varies in noncoding sequences in Drosoph-
ila as well, both within and between genomes (Takano-
Shimizu 2001; Singh et al. 2004, 2006; Kern and Begun
2005; Galtier et al. 2006; Ko et al. 2006; Ometto et al.
2006; Wang et al. 2007; Haddrill and Charlesworth 2008).

The bulk of previous literature on variation in rates and
patterns of molecular evolution in Drosophila have been, by
necessity, limited in scale or in scope and focused on subsets
of genes and/or individual or pairs of lineages. The recent
sequencing of additional Drosophila species (Drosophila
12 Genomes Consortium 2007; Stark et al. 2007) facilitates
systematically and quantitatively investigating these ques-
tions in a number of species at a genomic scale. Here, we sta-
tistically evaluate and quantify heterogeneity in rates and
patterns of single nucleotide substitution at a genomic scale
in a lineage-specific fashion in Drosophila. We applied a
maximum likelihood model to 4-fold degenerate synony-
mous sites and introns from over 8,000 genes aligned in
theD.melanogaster group,which facilitated estimating sub-
stitution rates on individual branches of the phylogeny. Our
results indicate statistically significant interspecific differen-
ces inpatternsofsinglenucleotidesubstitution inbothcoding
and intronic sequences, with relative rates of single nucleo-
tide substitution varying up to 3-fold among species. More-
over, these data suggest that there may have been a shift in
mutational patterns or a shift in mutation–selection balance
toward increased AT content in theD. melanogaster species
complex. In addition, these data unequivocally show that dif-
ferent classes of sequence within the genome evolve in sig-
nificantly different ways, with X versus autosomal linkage

playing a significant role. Although both of these patterns
have been reported previously in isolated lineages (particu-
larly D. melanogaster and D. simulans), our analysis indi-
cates that this heterogeneity in evolutionary rate among
sequence types is characteristic of the entire melanogaster
group.

Our analysis also facilitates estimating the magnitude
of variation in evolutionary rate among sequence classes.
Specifically, our data suggest that short introns evolve at
tantalizingly close to the neutral rate, whereas long introns
appear to be evolving up to 50% less rapidly than 4-fold
degenerate synonymous sites. Finally, although previous
work has suggested nonequilibrium base composition at
a smaller scale (Singh et al. 2004, 2007; Kern and Begun
2005; Akashi et al. 2006), our analysis indicates that base
composition at synonymous sites and in intronic sequences
is not at equilibrium with respect specifically to patterns of
single nucleotide substitution throughout the phylogeny.
We quantify this departure from equilibrium, and note that
the extent to which base composition deviates from equi-
librium varies in a lineage-specific fashion. We argue that
this is primarily due to the very slow timescale at which
base composition equilibrates following changes in substi-
tution patterns.

These results are likely to have profound implications
for myriad molecular evolutionary studies. For instance,
most traditional phylogenetic models assume that all
branches on the phylogeny can be characterized by a single
nucleotide transition matrix and that base composition is at
equilibriumwith respect to thismatrix, andour results clearly
show that both of these assumptions are violated inDrosoph-
ila. In addition, the nonequilibrium nature of base composi-
tion in Drosophila may compromise our ability to make
population genetic inferences, as many population genetic
models assume base composition equilibrium. Moreover,
this analysis sheds light on the distribution and relative
strength of selective constraint throughout the genome in
Drosophila, whichwill be invaluable as neutral evolutionary
models continue to develop.

Methods
Sequence Data

There are six sequenced species in theD. melanogaster
group: D. melanogaster, D. simulans, Drosophila sechellia,
D. erecta, D. yakuba, and Drosophila ananassae. We
retrieved masked coding sequence alignments for all
single-copy orthologs in these six species from Flybase
(ftp://ftp.flybase.net/12_species_analysis) (Drosophila 12
Genomes Consortium 2007; Stark et al. 2007). These align-
ments correspond to the longest D. melanogaster transcript
for each gene. Fourfold degenerate synonymous sites (from
amino acids conserved across the melanogaster group) were
extracted from a total of 8,563 genes and concatenated to-
gether, treating the X chromosome and the autosomes sepa-
rately, yielding 1.3-Mb autosomal sequence and 0.18-Mb
X-linkedsequencealignedacross themelanogastergroup. In-
trons from these genes were retrieved from the University of
California, Santa Cruz genome browser (http://genome-test.
cse.ucsc.edu/cgi-bin/hgGateway). We provided a list of
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FlyBase gene numbers, and all intronic sequences associated
withthesegenemodelswereextractedusingtheCustomTrack
feature.We restricted ourselves to those alignments forwhich
sequencewasavailable forall sixspecies intheD.melanogast-
ergroup.Codingsequenceswithin intronswere removed, and
the 10 bp adjacent to intron–exon boundaries (based on
D. melanogaster gene models) were stripped from the align-
ments to remove potentially functionally constrained sites.
These filtered introns were then separated into short
(�65bp)and long introns (.65bp), followingaprevioussug-
gestion (Halligan and Keightley 2006), and introns within
each size class were concatenated together for the X chromo-
some and autosomes separately. This procedure resulted in
11.0 and 0.28Mb of aligned autosomal long and short intron
sequences, respectively,and, respectively,1.5Mband23.9kb
for the X chromosome. Classification of X-linked versus
autosomal location was based on the genomic location in
D. melanogaster. Although there are genes that have moved
among chromosomeswithin themelanogaster group, the rate
of interchromosomal gene traffic in Drosophila appears to be
quite low (Ranz et al. 2001;Richards et al. 2005;Bhutkar et al.
2007), and we are therefore confident that our results are un-
likely to be substantially affected by interchromosomal gene
traffic. Drosophila melanogaster gene models were used to
define sequences as intronic, as well as to infer distances of
intronic sites to intron–exon junctions.

Estimation of Substitution Frequencies

In this work, we make use of a recently developed
maximum likelihood method to estimate substitution fre-
quencies frommultiple alignments of extant DNA sequence
data (Duret and Arndt 2008). The full details of the model
have been reported previously (Duret and Arndt 2008), and
here we will only briefly summarize key features of this
model and describe its application to the current data. With
this model, substitution frequencies can be measured inde-
pendently in all branches of a given phylogeny except for
the two branches that connect to the root node (Duret and
Arndt 2008). Our formalism allows us to estimate the 12
different substitution frequencies ra/b for exchanges of
one nucleotide a 2 fA;C;G;Tg by another b.

We make several simplifying assumptions regarding
the single nucleotide substitutional process in this imple-
mentation. First, we do not consider the possibility of
context-dependent substitutional processes. There is no
germline methylation in Drosophila (Lyko et al. 2000),
which suggests that unlike patterns found in humans and
other vertebrates (Arndt and Hwa 2005), CpG substitutions
should not occur with increased frequency. This is sup-
ported in D. melanogaster (Singh et al. 2004) but has
yet to be tested explicitly in other species in this genus.
There is limited evidence in support of other context-
dependent substitutional processes in D. melanogaster
(Arndt and Hwa 2005; Liu and Li 2008), but the magnitude
of the effect appears quite weak as compared with the effect
in vertebrates (Arndt and Hwa 2005). As a consequence, we
have not allowed for the possibility of context-dependence
in our substitution rates estimation, and we do not believe
that our results are systematically or substantially affected
by this simplification.

Second, we assumed strand complementarity of the
nucleotide substitution process. Although there does appear
to be evidence in support of strand noncomplementarity of
the substitutional process in Drosophila (Singh et al. 2004;
Nielsen et al. 2007), it is yet unclear what drives this pattern.
Moreover, the differences between the rates of complemen-
tary substitution are quite small in magnitude (Singh et al.
2004). Although not accounting for strand noncomplemen-
tarity may introduce noise into our results, given howminor
the effects of strand noncomplementarity appear to be in
D. melanogaster, we do not believe that this assumption
compromises our results.

Third, this model does not take into account rate het-
erogeneity among sites. Because we had a priori expecta-
tions that certain sites might evolve in significantly different
ways, we separated X-linked from autosomal sequences,
short from long introns and introns from synonymous sites.
Within these sequence categories, however, we assume all
sites are equivalent with respect to rates of substitution. Fi-
nally, we do not account for incomplete lineage sorting or
variation in gene trees among sequences, although we spe-
cifically test whether our results are robust to treespace (see
below).

In our model, the substitution rates are reverse com-
plement symmetric and pairs of rates are equal (e.g.,
rC/A5rG/T5rC:G/A:T), which yields six substitution fre-
quencies. These rates can be written into a single nucleotide
transition matrix

Q5

 
d rC:G/A:T rG:C/A:T rT:A/A:T

rT:A/G:C d rG:C/C:G rT:A/C:G

rT:A/C:G rG:C/C:G d rT:A/G:C

rT:A/A:T rG:C/A:T rC:G/A:T d

!
;

where the diagonal is constrained by the condition that the
elements in one row have to sum to zero, ensuring the con-
servation of total probability. With this notation the evolu-
tion of DNA sequences is governed by the differential
equation ð@=@tÞp5Qp, where p is the vector of nucleotide
frequencies p5ðpA; pC; pG; pTÞt, and t denotes the vector
transposition. We allow for independent sets of substitution
frequencies along all branches and use a maximum likeli-
hood framework to estimate these substitution frequencies
on each branch given a sequence alignment.

In this article, we take the branch length as the time-
scale. Consequently, the substitution rates r measure the
frequency of substitutions per nucleotide during the time
interval that spans a particular branch in a phylogenetic tree.
If this time is known in terms of the physical time, that is, in
million years, substitution rates per nucleotide and time
could be calculated. However, such information is not al-
ways available; in the following, we will therefore mostly
analyze quantities, such as the stationary GC content, which
are independent of the timescale.

Due to finite amount of sequence data, all estimates of
substitution frequencies are subject to stochastic error. We
can estimate the amount of uncertainty in the substitution
frequencies and nucleotide distributions by bootstrapping
the sequence data. The original data are sampled with re-
placement to generate replicate data sets, and respective
substitution frequencies are estimated. The variance in
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substitution rate estimates from several bootstrap samples
can then serve as an estimator of the variance from the mea-
surement on the original data. Throughout this article, we
used 500 bootstrap samples for this procedure.

Time to Equilibrium Calculations

To investigate the rate of change of GC content, we
first notice that the equilibrium nucleotide distribution p
is given byQp50. For reverse complement symmetric sub-
stitutions, the stationary nucleotide distribution is

p5 ð1 � fstat; fstat; fstat; 1 � fstatÞt=2;

where

fstat 5
rT:A/G:C þ rT:A/C:G

rT:A/G:C þ rT:A/C:G þ rG:C/A:T þ rC:G/A:T

is the stationary GC content.
To make statements about the convergence of the GC

content to its stationary value, we have to solve the time
evolution of the above differential equation, which can
be achieved by diagonalizing the Q matrix. Let S be the
matrix of eigenvectors and D5 diagðk1; k2; k3; k4Þ be the
diagonal matrix of eigenvalues such that QS 5 SD. With
this notation, we have pðt � t0Þ5eQtpðt0Þ5SeDtS�1pðt0Þ
5S diagðek1t; ek2t; ek3t; ek4tÞS�1pðt0Þ.

The matrix Q has the following first and second eigen-
values: k150, k25� ðrT:A/G:C þ rT:A/C:G þ rG:C/A:Tþ
rC:G/A:TÞ. Because in most genomic sequences, the A con-
tent is similar to the T content and the C content is close to
the G-content (Lobry and Lobry 1999), the initial distribu-
tion pðt0Þ has the following property: pAðt0Þ � pTðt0Þ and
pCðt0Þ � pGðt0Þ. As a consequence, the third and fourth ei-
genvalues do not contribute substantially to the time evo-
lution of the GC content. We thus approximate the
dynamics by considering only the first two eigenvalues.
The dynamics of GC content f can be approximated by
f ðtÞ5fstat þ ðf0 � fstatÞek2t where f0 is initial GC content.
Given this formulation, the GC content half-life, or the time
in which the difference between f0 and fstat is reduced by
a factor of two, can be simply written as t1=25
�lnð2Þ=k2. We can estimate time to equilibrium in a similar
fashion, but doing so requires defining equilibrium, as
strictly speaking, equilibrium will only be reached at
t5N. For the purposes of this paper, we define ‘‘equilib-
rium’’ as within 1% of fstat (i.e., fteq5fstat±0:01). We can
then estimate

teq 5
� ln

�
abs ðf0 � fstatÞ

0:01

�
k2

:

We take the absolute value of the deviation of the current
GC content from the stationary one, because the stationary
GC content might be approached from above or below.

Results
Model Fitting

Because our model was run in a full likelihood frame-
work, we can statistically compare the fit of our data with

various models by using likelihood ratio tests (LRTs) to
compare the likelihoods of fully nested models. The distri-
bution of the difference in the log-likelihood values should
be approximately v2, and the number of degrees of freedom
corresponds to the difference in the number of free param-
eters between the nested models. To test for lineage spec-
ificity of substitution rates, we implemented a simple
model, wherein the nucleotide substitution matrix was con-
stant across the entire phylogeny of the D. melanogaster
group (supplementary fig. 1, Supplementary Material on-
line), and only branch lengths were allowed to vary. We
compared the likelihood of this model with the more highly
parameterized model, in which a transition matrix is in-
ferred on each branch of the phylogeny; this full model
has 45 additional free parameters as compared with the sim-
ple model. We ran both models on the concatenated auto-
somal data (intronsþ 4-fold degenerate synonymous sites),
the concatenated X chromosome data (introns þ 4-fold de-
generate synonymous sites), as well as on a combined data
set in which X-linked and autosomal sequences were com-
bined. In all cases, accounting for lineage-specific substitu-
tion rates dramatically improved the fit of the data to the
specified model (P , 0.0001, all comparisons, LRT).

Given this interspecific variation in substitution rates,
we tested for intragenomic differences in rates of single nu-
cleotide substitution. We first examined whether X-linked
and autosomal sequences were better characterized by in-
dividual transition matrices rather than a single rate matrix
for both chromosome sets. We ran the full model on the
concatenated autosomal data (introns þ 4-fold degenerate
synonymous sites) and the concatenated X chromosome
data (introns þ 4-fold degenerate synonymous sites), as
well as on the concatenated X-linked and autosomal se-
quence. If accounting for interchromosomal heterogeneity
in substitution rates substantially improves the fit of the
model to the data, then the sum of the log-likelihoods of
the two individual models (X chromosome and autosomes,
separately) should exceed the log-likelihood of the com-
bined model (X and autosomes concatenated). Indeed, this
is precisely what is shown, and the difference in likelihoods
is highly statistically significant (P , 0.0001, LRT).

To further test intragenomic variability in substitution
rates, we examined whether 4-fold degenerate sites had sig-
nificantly different substitutional patterns than introns. We
approached this in a parallel fashion to the X versus auto-
some comparison, in that we compared the log-likelihood
of the models on the individual sequence classes (introns
and 4-fold degenerate synonymous sites separated) with
the combined model (introns and 4-fold degenerate sites
concatenated). Separating introns from 4-fold degenerate
synonymous sites significantly improved the fit of the data
to the specified model (P , 0.0001, LRT).

Finally, we investigated whether introns of different
lengths have significantly different patterns of single nucle-
otide substitution. We separated X-linked and autosomal
introns into two size classes, short (�65 bp) and long
(.65 bp) and ran the full model on these data sets individ-
ually. We compared the sum of the log-likelihoods of these
two models with the log-likelihood of the model run on all
X-linked or autosomal intron sequence concatenated to-
gether. For both the X chromosome and the autosomes,
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allowing for transition matrices unique to each size class of
intron significantly improved the fit of the data to the model
(P , 0.0001, both comparisons, LRT). Additional tests
were performed to ensure that the model was behaving
as expected and was not suffering from overfitting our data
(Supplementary Material online).

Robustness to Treespace

The melanogaster species group consists of six
sequenced species: D. melanogaster, D. sechellia and
D. simulans, D. erecta, D. yakuba, and D. ananassae, and
the melanogaster species subgroup includes all of these
species exceptD.ananassae (supplementaryfig. 1a, Supple-
mentaryMaterial online). The placement of themelanogaster
species complex (D. melanogaster, D. sechellia, and
D. simulans) relative toD. yakuba andD. erecta is somewhat
uncertain, likely due to ancestral polymorphism. Although
roughly half of the genes that can be aligned in the mela-
nogaster group support a topology in which D. yakuba
and D. erecta are sister species, approximately one-quarter
ofgenessupporta topology inwhichD.erecta is theoutgroup
to themelanogaster complex, and the remaining genes sup-
port a topology inwhichD.yakuba is theoutgroup to themel-
anogaster complex (Pollard et al. 2006; Larracuente et al.
2008). To test whether our analysis was robust to variation
in treespace,we ran the fullmodel on all three tree topologies
(supplementary fig. 1, Supplementary Material online) on
fourdifferentclassesofsequencedata:4-folddegeneratesyn-
onymous sites on theXandautosomes and intronic sequences
on theXandautosomes. Inall fourdata sets, the tree topology
in which D. yakuba and D. erecta are sister species yields
a significantly greater likelihood than both alternative topol-
ogies(P,0.0001,allcomparisons,LRT).More importantly,
the substitution rate matrices inferred for D. yakuba and
D. erecta, the speciesmost sensitive to alternative placement
on the phylogeny, appear robust to variation in treespace
(supplementary figs. 2 and 3, Supplementary Material on-
line). Although there may be subtle differences in the esti-
mated transition matrices among the three trees within
D. yakuba and D. erecta, these differences are small on
the scale of the differences among species (supplementary
fig. 4, SupplementaryMaterial online). Within synonymous
sites on the autosomes, for instance, inferred equilibriumGC
content varies by 0.5% and 2% among alternative tree topol-
ogies withinD. erecta andD. yakuba, respectively, whereas
the smallest interspecific difference in equilibrium GC con-
tent is at least twice that. We thus used the tree topology in
whichD. yakuba andD. erecta are sister species and are con-
fident that the phylogenetic incongruence among different
sequences within the genome does not substantially or
adversely affect our results.

Intergenomic Variation in Substitution Rates

The fully parameterized model implemented here al-
lows formaximumlikelihoodestimationof singlenucleotide
transitionmatrices for eachbranch on the phylogenywith the
exception of those connected to the root. Application of this
model to coding and intronic sequences in themelanogaster

group revealed strong statistical support for the lineage spec-
ificity of single nucleotide transitionmatrices among the five
species in the melanogaster subgroup (rates of substitution
couldnotbe formallyquantified inD.ananassaebecause this
species is the outgroup to the melanogaster subgroup, and
this branch is thus connected to the root).

The relative rates of the six pairs complementary of sin-
gle nucleotide substitutions in each of the six classes of se-
quence considered here are presented in figure 1. Relative
rates are calculated by normalizing the particular single nu-
cleotide substitution rate of interest by the total substitution
rate for that sequence class in that particular species. Relative
rates of each of the six pairs of complementary nucleotide
substitution vary up to 3-fold among species, though to dif-
ferent degrees among sequence classes. Within long intron
sequences, substitution rates vary 1.13- to 1.83-fold on the
autosomes and 1.07- to 1.82-fold on the X chromosome,
and short introns show similar fold variation (1.12- to
1.71-fold and 1.34- to 2.14-fold variation on the autosomes
andX chromosome, respectively). Relative rates of substitu-
tionatsynonymoussitesalsovaryamonglineages,with1.10-
to2.15-foldand1.19- to3.04-foldvariationon theautosomes
and X chromosome, respectively.

The overall substitutional profile appears to be well
conserved across species, with no strong transition bias ev-
ident in any sequence classes. The ratio of transitions to
transversions, which we define as

Ts

Tv
5

rC:G/T:A þ rT:A/C:G

rC:G/A:T þ rT:A/G:C þ rC:G/G:C þ rT:A/A:T

;

across sequence type ranges from 1.06 in D. sechellia to
1.16 in D. erecta, which is consistent with previous reports
(Moriyama and Powell 1996; Petrov and Hartl 1999; Wang
et al. 2007). However, the relative frequencies of the
two transitions vary across species. For instance, in
D. melanogaster the T:A/ C:G transition occurs at a rate
similar to each of the transversions, echoing previous find-
ings (Petrov and Hartl 1999; Singh et al. 2004). In all other
species, the rate of this transition appears higher (fig. 1).

To investigate the overall impact of this variation in
the relative rates of these six pairs of single nucleotide sub-
stitutions, we estimated stationary GC content based on the
stationary distribution of the transition matrix in the five
terminal branches of themelanogaster subgroup phylogeny
as well as on the internal branches of the melanogaster
group phylogeny that are not connected to the root. Station-
ary GC content varies up to 2.4-fold across species (fig. 2,
supplementary table 1, Supplementary Material online),
with D. melanogaster heavily AT-biased (ranging among
sequence types from 25% to 35% on the autosomes,
24–31% on the X), for instance, whereas D. erecta
(41–66% autosome, 45–70% X) and D. yakuba (30–62%
autosomes, 34–73%X) are comparatively more GC-biased.

Intragenomic Variation in Rates and Patterns of
Substitution: Introns and Synonymous Sites

In addition to intergenomic comparisons, variation in
rates and patterns of single nucleotide substitution can be
examined intragenomically for each lineage. Specifically,
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we estimated lineage-specific transition matrices for X-
linked and autosomal sequences separately, and within each
of these chromosome sets, we estimated transition matrices
for 4-fold degenerate synonymous sites, short introns, and
long introns. These data are equivalent to those presented
above, though they are grouped differently to highlight dif-
ferencesamongsequenceclasses rather thanamong lineages.

There is striking variation in the relative rates of single
nucleotide substitution among different sequence classes
within a given species (fig. 1, supplementary fig. 6, Supple-
mentary Material online). For both the X chromosome and
the autosomes, the relative rates of transitions seem partic-
ularly variable, with GC-enriching transitions highest at 4-
fold degenerate sites, at intermediate levels in long intron
sequences, and lowest in short introns, encompassing 1.56-
to 2.21-fold variation among sequence categories across the
melanogaster subgroup. The increased rate of these transi-
tions at 4-fold degenerate sites relative to long introns is
statistically significant in all species on both the X and
the autosomes (P � 0:001, 2-tailed t-test, all compari-
sons), with the exception of the D. melanogaster X chro-
mosome. The increased rate of these transitions in long as
compared with short introns is also statistically significant
in all species on both the X and the autosomes (P, 0.005,
2-tailed t-test, all comparisons), with the exception of the
D. simulans and D. sechellia X chromosomes.

In a parallel trend, the AT-enriching transitions show
precisely the opposite pattern, although it is only statisti-
cally significant on the X and the autosomes in D. yakuba
and D. erecta and on the autosomes in D. melanogaster
(P � 0:001, 2-tailed t-test, all comparisons). In
D. simulans, AT-enriching transitions are significantly
increased at synonymous sites relative to long introns on
the X and autosomes (P � 0:001, 2-tailed t-test, both
comparisons), and in D. sechellia these transitions have
a significantly higher rate in long versus short autosomal
introns (P5 0.01, 2-tailed t-test). The rate of this transition
varies 1.08- to 2.51-fold among sequence categories,
depending on the species.

Interestingly, the rate of C:G/A:T transversions ap-
pears to follow the same trend. This AT-enriching substi-
tution is lowest at 4-fold degenerate sites, at intermediate
levels in long introns, and is highest in short intron sequen-
ces and across all sites varies 1.23- to 2.61-fold depending
on the species. The pairwise comparisons of the rates of this
transversions between synonymous sites and long introns
are statistically significant on both the X and autosomes
in all species, and the long versus short intron comparison
is significant on the autosomes in all species and on the X
chromosome in D. erecta (P , 0.001, 2-tailed t-test, all
comparisons). The reverse is true for the GC-enriching
T:A / G:C transversions, which shows significantly

FIG. 1.—Rates of each of the six complementary pairs of single nucleotide substitutions in the five species of the melanogaster subgroup in (a) 4-
fold degenerate synonymous sites on the autosomes, (b) long autosomal introns, (c) short autosomal introns, (d) 4-fold degenerate synonymous sites on
the X chromosome, (e) long introns on the X chromosome, and ( f ) short introns on the X chromosome. Error bars denote standard error due to
sampling.
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higher rates in synonymous sites than in long introns in all
species for both the X and the autosomes and significantly
higher rates in long compared with short introns in the auto-
somes of all species and on the X chromosome of D. erecta
and D. yakuba (P , 0.01, 2-tailed t-test, all comparisons).
The relative rates of these transversions vary 1.30- to
2.98-fold among sequence categories.

These categorical differences in the relative rates of
substitution, particularly those contributing greatly to
changes in GC content, are perhaps best captured by sta-
tionary GC content, which is estimated using the stationary
distribution of the transition matrix. Stationary GC content
varies up to 2.4-fold among sequence types, depending on

the species. Consistent with the profile of single nucleotide
substitutions, GC content is highest in coding sequences
(ranging from 30% to 72% among species), at intermediate
levels in long introns (31–56%), and is lowest in short introns
(24–45%), for both X-linked and autosomal sequences
(fig. 2). This difference in stationary GC content between
long and short introns is consistent with the previously ob-
served positive correlation between intron length and GC
content (Haddrill et al. 2005).

In addition to comparing the relative rates of each of
the six complementary pairs of single nucleotide substitu-
tions, we can quantify variation in the total rate of single
nucleotide substitution among sequence classes and

FIG. 2.—Expected stationary GC content at 4-fold degenerate synonymous sites (leftmost pie chart), long introns (middle pie chart), and short
introns (rightmost pie chart) on the (a) autosomes and (b) X chromosome in extant species of melanogaster subgroup as well as at three internal nodes
on the subgroup phylogeny. Note that substitutional rates and stationary GC content could not be estimated on the branch leading to Drosophila
ananassae and the branch preceding split of the melanogaster species complex and the Drosophila erecta/Drosophila yakuba lineages because these
branches are connected to the root.
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chromosomes. Among all species, for both the X chromo-
some and the autosomes, short introns appear to have the
highest total substitution rate per lineage, followed by 4-
fold degenerate synonymous sites and finally long intron
sequences (fig. 3). The magnitude of the difference in total
substitution rate among sequence classes appears consistent
across species as well, with 4-fold degenerate synonymous
sites evolving at roughly 70% of the rate of short introns on
both the X and the autosomes, and with autosomal long in-
trons evolving at 50% the rate of synonymous sites in au-
tosomal sequences. However, the relative reduction in
evolutionary rate of X-linked long introns relative to
X-linked synonymous sites is highly variable among spe-
cies, with reductions of;40% to 55% in D. melanogaster,
D. erecta, and D. yakuba but reductions of only ;10% to
20% in D. simulans and D. sechellia (fig. 3).

Intragenomic Variation in Rates and Patterns of
Substitution: X versus Autosomes

Comparisons of the substitutional profiles of X-linked
versus autosomal sequences are less straightforward.
Within a given sequence class, there do not appear to be
consistent differences in the relative rates of GC-enriching
or AT-enriching substitutions between the X chromosome
and the autosomes across species (supplementary fig. 6,
Supplementary Material online). Differences in the total
substitution rate between X-linked and autosomal sequen-
ces also show little consistency across species. Although in
D. erecta and D. yakuba, X-linked sequences evolve at
a 10–20% increased rate relative to autosomal sequences
in each sequence category, the opposite is seen inD. sechel-
lia, where X-linked sequences show a reduction in evolu-
tionary rate of 5–30% (fig. 3). In D. simulans and
D. melanogaster, 4-fold degenerate synonymous sites
and short introns evolve less rapidly on the X chromosome
(1–30% more slowly at synonymous sites, 4–15% more
slowly at short introns), whereas long introns evolve

17–30% more quickly on the X than on the autosomes.
Thus, although there is statistical support for estimating
transition matrices for the X and autosomes separately
based on our model fitting, the differences in substitutional
patterns between the X and the autosomes are not sugges-
tive of general trends, and will not be discussed further.

Nonequilibrium Base Composition

We compared the distribution of GC content observed
in each of the terminal lineages in the melanogaster sub-
group with the distribution of expected stationary GC con-
tent in each of our classes of sequence to identify departures
from base composition equilibrium (fig. 4). Importantly, be-
cause our analysis was based on concatenated sequence
data, the standard errors of the mean expected and observed
GC content are due to sampling only. Although in
D. melanogaster and D. sechellia, mean observed GC con-
tent is significantly higher than mean expected GC content
in all sequence classes (P , 0.0001, all comparisons,
2-tailed t-test), in D. simulans, this is only the case for au-
tosomal sequences and X-linked 4-fold degenerate synon-
ymous sites (fig. 4). In contrast, base composition of short
X-linked introns in D. simulans appear to be statistically
indistinguishable from stationary frequencies, whereas long
introns on the X chromosome in this species appear to have
lower mean observed GC content than expected (P 5
0.006, 2-tailed t-test). In D. erecta and D. yakuba, the pat-
tern is slightly more complicated, with mean observed GC
content at X-linked and autosomal 4-fold degenerate syn-
onymous sites significantly higher than the mean expected
GC content (P, 0.0001, both comparisons, 2-tailed t-test);
this is also true of long X-linked introns in both of these
species (P , 0.0001, both comparisons, 2-tailed t-test).
However, in both species, mean observed GC content in
long autosomal introns is significantly reduced relative to
expectation (P, 0.0001, both comparisons, 2-tailed t-test;
fig. 4). Short autosomal introns in D. yakuba have

FIG. 3.—Total per-lineage substitution rate (per site) in synonymous and intronic sequences in the melanogaster subgroup. Error bars denote
standard error due to sampling.
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significantly higher observed GC content than expected
(P 5 0.02, 2-tailed t-test), though observed GC content
in short autosomal introns inD. erecta is significantly lower
than expected (P , 0.0001, 2-tailed t-test). Finally,
although base frequencies of X-linked short introns in
D. yakuba are not significantly different from equilibrium

base frequencies, inD. erecta, observed GC content in short
X-linked introns is significantly higher than expected (fig. 4).

To investigate the evolution of base composition in
these species in more depth, we used the estimated line-
age-specific transition matrices to study GC-content dynam-
ics as a function of evolutionary time (see Materials and

FIG. 4.—Comparison of observed GC content compared with expected stationary GC content given the stationary distributions of the estimated
lineage-specific transition matrices in (a) Drosophila melanogaster, (b) Drosophila sechellia, (c) Drosophila simulans, (d) Drosophila erecta, and (e)
Drosophila yakuba. Expected stationary GC content presented here is equivalent to those data presented in figure 2.
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Methods). Specifically, we estimated GC content half-life, or
the amount of time required to reduce the difference between
the current observedGC content and estimated stationaryGC
content by a factor of 2, for each species in themelanogaster
subgroup (table 1). Similarly, we estimated time to equilib-
rium base composition, where we define equilibrium as be-
ing within one percent of the stationary GC content
ðfteq5fstat±0:01Þ (table 1). There is substantial variation in
the rate of GC content decay as well as time to equilibrium
among species and among sequence classes. Across species,
consistent with the variation in rates of substitution among
sequence classes, short introns show the shortest half-lives
and times to base composition equilibrium, followed by
4-fold degenerate synonymous sites and finally long introns.

Discussion

Rates of substitution depend on a number of population
genetic parameters such as mutation rate, effective popula-
tion size, and the coefficient of selection. As a consequence,
heterogeneities in these parameters among and within spe-
cies can lead to substantial variation in substitution rates.
Here, we use a maximum likelihood framework to quantify
the extent of heterogeneity in substitutional patterns in both
inter and intragenomiccontexts in themelanogastergroup. It
is important to note that thismodel does not take into account
context-dependence of the substitution process, rate hetero-
geneity across sites, or incomplete lineage sorting and that all
estimates of error are due to sampling only.

Additionally, there is ascertainment bias inherent in
the coding and noncoding sequences used in this analysis.
For the 4-fold degenerate synonymous sites, we restricted
ourselves to those codons encoding conserved amino
acids across the melanogaster group. In addition, the short
and long intron sequences are, by necessity, those that re-
main alignable among these species as well. However, the
effects of this ascertainment bias on inferences of substi-
tutional rates and patterns are difficult to predict a priori.
Moreover, all orthologous sequences within a given se-
quence category are subject to the same ascertainment bi-
as, which suggests that our comparisons of substitutional
patterns between genomes are still appropriate. Within ge-
nomes, it may very well be that different types of sequen-
ces are subject to different types of ascertainment bias.
Synonymous sites might be comparatively easy to align

given that they are flanked by largely nondegenerate sites,
whereas long introns might suffer from the greatest ascer-
tainment bias. Indeed, our inferences of constraint may re-
flect this ascertainment bias to some extent. However, if
ease of alignment were the sole underlying reason for het-
erogeneity in substitution rates, we would expect that syn-
onymous sites should have the highest rate of substitution,
which we do not find. Consequently, although ascertain-
ment bias likely contributes to our observed heterogeneity
in evolutionary rate among sequence classes, we do not
believe that it is solely responsible for generating the pat-
terns we observe.

Lineage Specificity of Substitutional Patterns

Heterogeneity in rates of evolution have been reported
previously, such as among more distantly related species
with notable differences in extant base composition (Yang
and Roberts 1995). In addition, analyses of subsets of genes
or lineages in Drosophila certainly have suggested that rates
and patterns of single nucleotide substitutions can vary
among lineages (e.g., Eanes 1994; Akashi 1996; Takano
1998; Takano-Shimizu 2001; Akashi et al. 2006; Ko
et al. 2006; Singh et al. 2006; Nielsen et al. 2007). We be-
lieve our results from Drosophila are particularly striking
given the close evolutionary relationships among species
in themelanogaster group and the consistency in base com-
position observed among extant species (supplementary fig.
5, Supplementary Material online). In addition, we take ad-
vantage of a genome-scale data set, which suggests that the
observed lineage specificity of substitutional patterns is not
driven by a subset of loci in the genome.

Our analysis suggests that factors influencing base
composition evolution across the melanogaster group
phylogeny are highly dynamic. In particular, it appears
as if patterns of single nucleotide substitution are compar-
atively more AT-biased in the melanogaster species com-
plex, particularly in D. melanogaster and D. sechellia,
than they are in the yakuba/erecta clade (figs. 1 and 2).
Moreover, this reduction in stationary GC content appears
to be a derived feature of the melanogaster species com-
plex, as inferred values of stationary GC content at the in-
ternal nodes of the melanogaster group phylogeny are
comparatively higher (fig. 2). Because we are investigat-
ing the substitutional process, it is difficult to disentangle

Table 1
GC Content Half-Life (Time to equilibriuma)

Autosome
Synonymous Sites

Autosome Long
Introns

Autosome Short
Introns

X Synonymous
Sites

X Long
Introns

X Short
Introns

Drosophila melanogaster 12.11 (60.90) 23.31 (77.51) 7.27 (19.21) 12.13 (65.58) 23.31 (77.51) 7.57 (26.06)
Drosophila sechellia 28.86 (141.79) 46.71 (144.42) 17.76 (43.18) 41.11 (213.25) 46.71 (144.42) 25.88 (65.51)
Drosophila simulans 35.55 (158.59) 62.11 (67.12) 18.33 (51.43) 53.52 (202.37) 62.11 (67.12) 21.90 (36.10)
Drosophila erecta 9.76 (17.87) 18.22 (68.58) 5.82 (17.61) 9.21 (22.36) 18.22 (68.58) 5.61 (16.47)
Drosophila yakuba 8.13 (22.50) 15.59 (23.62) 4.39 (NAb) 7.61 (13.47) 15.59 (23.62) 4.00 (3.81)

Because of uncertainty in speciation times for many lineages, time is given in units of terminal branch length. One can thus compare these metrics within species with

relative ease. In addition, because the units of absolute time for D. sechellia and D. simulans are identical, as are the times for D. erecta and D. yakuba, GC content half-life

and time to equilibrium can be compared within these sister species pairs.
a Equilibrium GC content defined as within 1% of the stationary GC content.
b NA corresponds to cases for which observed GC content is already within 1% of the stationary GC content.
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the relative contributions of mutation, random genetic
drift, BGC and natural selection. However, one possible
explanation for the observed patterns of base composition
in the melanogaster group is a shift in mutational patterns
in the ancestor of the melanogaster species complex to-
ward increased AT.

The plausibility of the mutational shift hypothesis is
comparatively difficult to evaluate in the absence of
large-scale polymorphism data from several species in
the melanogaster group. However, there have been some
suggestions that mutational patterns are relatively labile
in Drosophila. For instance, species in the D. willistoni
and D. saltans clades have a dramatically reduced GC con-
tent (Anderson et al. 1993; Rodriguez-Trelles et al. 1999,
2000a, 2000b; Powell et al. 2003; Heger and Ponting 2007;
Vicario et al. 2007), particularly in coding sequences,
which appears to be partially explained by a shift in back-
ground substitutional patterns in this clade (Singh et al.
2006). In addition, other Drosophila species show patterns
of polymorphism and divergence that are consistent with
shifts in mutational patterns (Takano-Shimizu 1999,
2001; Kern and Begun 2005; Akashi et al. 2006), and strik-
ingly, mutation profiles have recently been shown to be
significantly different between the recently diverged
D. melanogaster and D. sechellia (Singh et al. 2007). It
thus seems possible that the observed reduction in station-
ary GC content in the melanogaster species complex based
on substitutional patterns results from a lineage-specific
shift in mutational patterns in this clade. Importantly, this
model is difficult to distinguish from a model in which there
has been a shift in mutation–selection balance in the
melanogaster species complex. Because mutation is AT-
biased, a simple relaxation of constraint in these lineages
or a reduction in the efficacy of natural selection could
in principle generate this pattern as well.

Alternatively, these data may also be consistent with
a prominent role of BGC in genome evolution. Gene con-
version may be GC-biased in Drosophila (Galtier et al.
2006), and there is growing support for a role of BGC
in Drosophila genome evolution (Bartolome et al. 2005;
Galtier et al. 2006; Haddrill and Charlesworth 2008). Dif-
ferences in effective population size among lineages could
result in heterogeneity in base composition among species.
Under this model, species with the smallest effective size
would show the weakest bias in substitutional patterns to-
ward GC. However, there is little consistent empirical data
on effective population size among Drosophilids, even
among well-characterized species such as D. melanogaster
and D. simulans. Some of the previous inferences of
effective population size based on polymorphism data
are suggestive of a reduced effective population size in
D. melanogaster relative to D. simulans (e.g., Morton
et al. 2004), whereas other such studies indicate comparable
effective sizes (e.g., Nolte and Schlotterer 2008). The lack
of available empirical data on historical population sizes of
the species studied herein makes it challenging to evaluate
the plausibility of this model, and it does remain a formal
possibility. Genome-scale polymorphism data from repre-
sentative lineages in themelanogaster group will likely pro-
vide key insight into the applicability of this model in the
future.

Sequence-Specificity of Substitutional Patterns

Rates of single nucleotide substitution are known to vary
intragenomically inDrosophila. Inparticular, different classes
of sequence in Drosophila appear to be subject to varying de-
grees of selective constraint, which results in variable rates of
evolutionamongdifferent typesofgenomicsequence.Thereis
a growing body of literature suggesting that noncoding se-
quences are constrained in Drosophila (Bergman and
Kreitman 2001; Halligan et al. 2004; Marais et al. 2005;
Halligan and Keightley 2006). Moreover, introns of different
lengths are differentially constrained (Haddrill et al. 2005).

To expand upon previous analyses, we systematically
characterized the extent and magnitude of variation in rates
and patterns of single nucleotide substitution at a genomic
scale in the five terminal lineages of the melanogaster sub-
group. Our analysis clearly reveals significant differences in
substitutional rates and patterns among sequence classes. It
is important to note that our sequence classes do differ with
respect to their GC content (supplementary fig. 5, Supple-
mentary Material online). Although there is some evidence
that rates of substitution are related to GC content in
Drosophila (Haddrill et al. 2005), we do not believe that
the context-dependence of substitutional patterns in Dro-
sophila is likely to be as strong as is found in humans (Arndt
et al. 2005), for instance, given the lack of highly structured
GC content in the Drosophila genome. It is certainly pos-
sible that some of the patterns we find within our sequence
categories are driven at least in part by differences in GC
content, and future work will be required to assess the
relative contributions of sequence class and GC content
to patterns of single nucleotide substitution in Drosophila.

Our results indicate that 4-fold degenerate sites show
strongly GC-biased substitutional patterns on both the X
chromosome and the autosomes, particularly in non-mela-
nogaster species. This is consistent with selection on codon
bias in the melanogaster group on several levels. First, it is
generally accepted that with the exception of at most one co-
don, preferred codons inD.melanogaster areG- orC-ending
(Akashi 1995; Duret and Mouchiroud 1999). As a conse-
quence, increasedratesofGC-enrichingsubstitutionsandde-
creased rates of AT-enriching substitutions at synonymous
sites relative to intronic sequences (figs. 1 and 2) are entirely
consistent with selection pressure favoring biased codon us-
age. Second, it is well documented that theD. melanogaster
lineage has experienced a genomic reduction in codon bias
(Akashi 1995, 1996; McVean and Vieira 2001; Bauer
DuMont et al. 2004; Akashi et al. 2006; Nielsen et al. 2007;
Singh et al. 2007), and it is therefore unsurprising that sub-
stitutional patterns at synonymous sites in D. melanogaster
deviate from those observed across the remainder of the phy-
logeny. Finally, that stationary GC content at 4-fold degen-
erate sites is inferred to be greater on theX chromosome than
on the autosomes inD. erecta,D. yakuba, andD. simulans is
further consistent with selection on codon bias, given previ-
ous observations that codon bias ofX-linked genes is consis-
tentlyelevatedinDrosophila (Comeronetal.1999;Hambuch
and Parsch 2005; Singh et al. 2005, 2008).

Beyond examining patterns of evolution in various
classes of genomic sequence, these lineage-specific transi-
tion matrices can be used to compare overall substitution
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rates between coding and intronic sequences, and to make
inferences about selective constraint in Drosophila. Strik-
ingly, long introns show the lowest rate of single nucleotide
substitution, followed by 4-fold degenerate synonymous
sites, and short introns show the most rapid rate of evolution
across all species for both the X chromosome and the au-
tosomes. This is largely consistent with previous reports,
which have suggested that introns are more highly con-
strained than synonymous sites (Bergman and Kreitman
2001; Andolfatto 2005; Haddrill et al. 2005; Marais
et al. 2005; Halligan and Keightley 2006). However, our
observation that short intron substitution rates significantly
exceed those at 4-fold degenerate synonymous sites (fig. 3)
differs slightly from previous work, which suggested that
synonymous sites and short introns evolve at statistically
indistinguishable rates (Haddrill et al. 2005). Given that
our estimates of pairwise divergence at intronic sites are
quite close to those reported previously (Haddrill et al.
2005), the difference between these two studies is driven
by divergence at synonymous sites. Importantly all synon-
ymous sites were used in the previous study, whereas the
current analysis was limited to 4-fold degenerate synony-
mous sites. This sampling difference may underlie the re-
duced rate of synonymous sites divergence that we observe.

Interestingly, the following considerations suggest
that rates of evolution at short introns are virtually identical
to neutral expectation. Given a divergence time of 2.3
million years (My) between D. melanogaster and its sister
species, and approximate divergence times between
D. simulans and D. sechellia of 800,000 years (Russo
et al. 1995), we can estimate the rate of substitution per site
per million years. At short introns, rates of substitution in
these three species range from 0.027 to 0.40 substitutions/
site/My on the X chromosome and the autosomes, whereas
previous estimates of the neutral substitution rate in Dro-
sophila average 0.033 substitutions/site/My (Singh and Pet-
rov 2004; supplementary fig. 7, Supplementary Material
online). Although this observation is tantalizing, it is impor-
tant to note that the previous estimates were based on a small
number of unconstrained sequences, and that the method-
ology of estimating divergence also differs between the
current and previous study. Moreover, a recent analysis
of pairwise divergence between D. melanogaster and
D. simulans in transposable elements suggests a slightly
higher neutral substitution rate of 0.40 substitutions/site/
My (Wang et al. 2007). Our results thus suggest that at least
with respect to rates of single nucleotide substitution, short
introns evolve in a manner that is most consistent with neu-
trality relative to other sequence classes, whereas synony-
mous sites are consistently more constrained and long
introns are more constrained yet.

Substitutional Patterns in D. melanogaster

One of themore striking results from this analysis is the
similarity in the relative rates of single nucleotide substitu-
tions inD. melanogaster across different classes of genomic
sequence (supplementaryfig. 6, SupplementaryMaterial on-
line). This contrastswith the patterns observed in the remain-
ing species in themelanogaster subgroup (with the exception
ofD.sechellia),which showgreater variation in relative rates

of GC-enriching and AT-enriching substitutions across se-
quence classes. These classes of substitution vary only
1.1- to 1.6-fold inD. melanogaster (depending on the single
nucleotide substitution), but vary 1.5- to 3.0-fold in
D. simulans,D. yakuba, andD. erecta. One potential expla-
nation for thisobservation is that theD.melanogaster lineage
has experienced a reduction in effective population size,
which reduces the efficacy of natural selection at a genomic
scale. This has often been suggested as contributing to the
genomic reduction in codon bias in this lineage (Akashi
1995, 1996; McVean and Vieira 2001; Bauer DuMont
et al. 2004; Akashi et al. 2006; Nielsen et al. 2007; Singh
etal.2007).Our substitution ratedata thus tentativelysupport
a model of reduced efficacy of natural selection specifically
on theD.melanogaster lineage, althoughunder such amodel
one might expect generally increased of substitution on this
lineage, which we do not observe (supplementary fig. 7,
SupplementaryMaterialonline).Further investigationof this
issue is thus warranted.

Toward a Model of Base Composition Evolution

Comparing inferred stationary GC content with ob-
served GC content in extant sequences revealed marked de-
partures from equilibrium in many cases (fig. 5), consistent
with previous reports (Singh et al. 2004, 2007; Kern and
Begun 2005; Akashi et al. 2006). Although synonymous
sites show the largest deviation from equilibrium in all spe-
cies, there is marked variation among species in the extent
of departure from equilibrium base composition. Most no-
tably, D. melanogaster and D. sechellia show the most dra-
matic and significant differences between expected and
observed GC content, with differences between observed
and expected GC content ranging from 5% to 42%.
D. simulans shows a similar pattern, albeit to a lesser extent,
as deviations from expectation only range from 0.1% to
22%. These observations may reflect the effects of the shift
in mutational patterns derived in the melanogaster species
complex toward AT-enriching mutations, or a shift in mu-
tation–selection balance favoring the inherently AT-biased
mutation process in this clade. The differences observed
among these three species may reflect differences in effec-
tive population size, as there is some evidence that the ef-
fective sizes of D. melanogaster and D. sechellia appear
smaller than that ofD. simulans (Morton et al. 2004, though
see also Nolte and Schlotterer 2008). In contrast, observed
GC content values in D. yakuba and D. erecta are compar-
atively closer to equilibrium, deviating from expectation by
only 2–14%, though this is not entirely unexpected given
that substitutional patterns in these lineages are more sim-
ilar to the inferred ancestral substitutional patterns.

Our time to equilibrium calculation suggest that base
composition evolution is comparatively slow. With the ex-
ceptionof short autosomal introns inD.yakuba,where extant
base composition is by definition already at equilibrium, the
smallest time toreachbasecompositionequilibrium,which is
seen in short X-linked introns in D. yakuba, is slightly less
than four time units (table 1), which indicates that it would
take almost four times the speciation time for D. yakuba.
Given that the divergence time between D. yakuba and
D. erecta is on the order of 5 My, this suggests that it would
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requirenearly20Myforbasecompositionof thesequences to
reachequilibriumwithrespect topatternsofsinglenucleotide
substitution. This is at least three times the evolutionary time
separatingD.yakuba fromD.melanogaster, representing the
most distant relations in the melanogaster subgroup. As
a consequence, it appears as though patterns of single nucle-
otide substitution are shifting across lineages on a timescale
that is more rapid than base composition evolution can ac-
commodate, such that base composition is unlikely to reach
equilibrium with respect to substitutional patterns in
Drosophila.

Conclusions and Future Directions

Our analysis provides rigorous statistical evidence that
Drosophila species differ significantly in their rates and pat-
terns of single nucleotide substitution at a genomic scale,
and that even within genomes, substitutional patterns vary
significantly by chromosome and sequence type. Relative
rates of each of the six complementary pairs of single nu-
cleotide substitution vary up to 3-fold, and equilibrium GC
content varies up to 2.4-fold, among species within a given
sequence category. In addition, within species, relative rates
of single nucleotide substitution vary up to 3-fold across
sequence types, and equilibrium GC content varies approx-
imately 2.4-fold. Thus, the degree of heterogeneity in sub-
stitutional patterns within genomes is similar in magnitude
to the degree of heterogeneity among genomes in the
D. melanogaster species subgroup.

These data highlight the variability of the substitu-
tional process across the genome, echoing previous reports.
Our results are consistent with the previous inference that
some introns are selectively constrained and further confirm
that long intron sequences are more highly constrained than
synonymous sites. Moreover, our results hint at the possi-
bility that short introns are evolving in manner that is more
consistent with neutrality than evolutionary rates at synon-
ymous sites. These data thus increase our understanding of
the distribution of selective constraint across the genome in
Drosophila and will hopefully serve to help better inform
our choices of neutral models of sequence evolution.

Most notably, we find strong statistical evidence for
the lineage specificity of the substitution process. Specifi-
cally, individual lineages show significant differences in
both rates and patterns of single nucleotide substitution,
which have the potential to have profound effects on the
evolution of base composition. Overall, our results support
a shift in substitutional patterns in the melanogaster species
complex coupled with differences in effective population
size among species within this complex. This may ulti-
mately be due to a mutational shift toward increased AT
content, or a shift in mutation–selection balance due to re-
laxed constraint or a reduced efficacy of natural selection, in
this complex. As more polymorphism data for Drosophila
become available, it will become possible to explicitly test
these hypotheses.

Finally, we find substantial support for nonequilibrium
base composition, though the direction andmagnitude of the
deviation from equilibrium vary among comparisons. These
results have marked implications for evolutionary analyses.
Notably, phylogenetic analyses of orthologous DNA sequen-

ces typically assume constancy of the substitution matrix
across the entire phylogeny and also assume that base compo-
sition of these sequences is at equilibrium. Our results thus
indicate that both of these assumptions are violated in both
coding and intronic sequences for species in the
D. melanogaster subgroup. The effects of these violations
on evolutionary inference unfortunately remain unclear,
and this will likely be a fruitful line of future investigation.

Supplementary Material

Supplementary figures 1–7 and supplementary table 1
are available at Molecular Biology and Evolution online
(http://www.mbe.oxfordjournals.org/).
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