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Abstract
The detection of selection, both positive and negative, acting on a DNA sequence or class of nucleotide sites requires
comparison with a reference sequence that is unaffected by selection. In Drosophila, recent findings of widespread selective
constraint, as well as adaptive evolution, in both coding and noncoding regions highlight the difficulties in choosing such
a reference sequence. Here, we investigate the utility of short intron sequences as a reference for the detection of selection.
For a set of 119 Drosophila melanogaster genes containing 195 short introns (120 bp), we analyzed polymorphism and
divergence at 1) 4-fold synonymous sites, 2) all sites of introns 120 bp, 3) all sites of introns 65 bp, 4) bases 8–30 of
introns 120 bp, and 5) bases 8–30 of introns 65 bp. The last class of sites shows the highest levels of both interspecific
divergence and intraspecific polymorphism, suggesting that these sites are under the least selective constraint. Bases 8–30
of introns 65 bp also have the lowest ratio of divergence to polymorphism, which may indicate that a small proportion
of substitutions in the other classes of sites are the result of adaptive evolution. Although there is little signal of selection
on the primary sequence of short introns, patterns of insertion–deletion polymorphism and divergence suggest that both
positive and negative selection act to maintain an optimal intron length.
Key words: Drosophila, selective constraint, positive selection, population genetics, intron evolution.

Introduction
Unconstrained DNA sequences (i.e., those whose evolution
is unaffected by selection) are useful for many molecular
evolutionary and population genetic analyses, including
phylogenetic reconstruction, demographic inference, and
the detection of selection. For this last purpose, it is essential to have a selection-free reference that can be used as
a baseline for determining the type and strength of selection acting on a particular target sequence (or collection of
sites/sequences).
Traditionally, synonymous sites within protein-coding
regions have been used as a reference for unconstrained
evolution. Due to the degeneracy of the genetic code, mutations at these sites do not alter the amino acid sequence
of the encoded protein and, thus, are expected to be invisible to selection. The presumed lack of constraint at synonymous sites forms the basis of many tests of adaptive
protein evolution (e.g., McDonald and Kreitman 1991;
Yang et al. 2000; Fay et al. 2001; Bustamante et al. 2002;
Smith and Eyre-Walker 2002; Andolfatto 2007; Sawyer
et al. 2007). However, several observations suggest that synonymous sites may be under at least weak selection. For
example, almost all genomes investigated to date show
some degree of codon bias in which the synonymous codons for a given amino acid are not used with equal fre-

quency (reviewed by Hershberg and Petrov 2008). In
many cases, this is thought to be a result of selection favoring codons that can be translated more rapidly or accurately (Akashi 1994, 1995; Carlini and Stephan 2003;
Stoletzki and Eyre-Walker 2007). Additionally, synonymous
sites may be under selection to maintain (or avoid) splicing
enhancers (Parmley et al. 2006), messenger RNA secondary
structures (Parsch et al. 1997; Baines et al. 2004; Stoletzki
2008), or particular short sequence motifs (Antezana and
Kreitman 1999).
Noncoding DNA sequences, such as introns and intergenic regions, are also potential candidates for unconstrained sites. Because the vast majority of DNA in the
genomes of higher eukaryotes does not encode proteins,
it is often assumed that much of it is junk DNA that is under no selective constraint. However, it is possible that
these sequences have functions that are unrelated to protein coding, and a number of recent findings suggest that
noncoding DNA does not evolve free of constraint. For example, many eukaryotic genomes contain highly conserved
noncoding sequences that are subject to purifying selection
(Shabalina and Kondrashov 1999; Shabalina et al. 2001;
Siepel et al. 2005; Drake et al. 2006; Asthana et al. 2007).
In Drosophila, levels of divergence in intergenic regions
and long introns indicate that 50% of sites are subject
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FIG. 1. Length distribution of short introns. (A) Whole-genome
distribution of intron lengths in Drosophila melanogaster. Introns
with length .120 bp are not shown, but none of the 5-bp
bins .120 bp contain more than 214 introns. Genome-wide median
intron length is 68 bp, with 46% of introns having length 65 bp.
(B) Length distribution of introns used in the present study. The
median intron length is 63 bp, with 66% of the introns having
length 65 bp.

to purifying selection (Bergman and Kreitman 2001; Andolfatto 2005; Bachtrog and Andolfatto 2006; Halligan and
Keightley 2006; Drosophila 12 Genomes Consortium 2007),
an inference that is supported by analyses of polymorphism
patterns (Andolfatto 2005; Bachtrog and Andolfatto 2006;
Casillas et al. 2007; Haddrill et al. 2008). In addition, introns
and intergenic regions show evidence for a divergence
excess relative to neutral expectations in Drosophila melanogaster–D. simulans comparisons (Kohn et al. 2004;
Andolfatto 2005; Casillas et al. 2007; Haddrill et al. 2008),
which is consistent with the action of recurrent positive
selection.
Another class of sites that has been proposed to evolve
free of selection is short intron sequences. In Drosophila,
there is an asymmetrical distribution of intron lengths
(fig. 1A), with a high proportion of ‘‘short’’ introns falling
into a narrow size range (;40–120 bp) and the remaining
‘‘long’’ introns following a more uniform size distribution
(hundreds to thousands of base pairs), although the
boundary between short and long introns is not discrete
(Mount et al. 1992; Deutsch and Long 1999; Comeron
and Kreitman 2000). Short introns appear to be under less

evolutionary constraint than long introns (Parsch 2003),
and several authors have reported a negative correlation
between intron length and interspecific divergence
(Haddrill, Charlesworth, et al. 2005; Marais et al. 2005;
Halligan and Keightley 2006). Within short introns, the least
constrained sites are those falling between the 5# and 3#
regions of the intron that function in splice site recognition
(Halligan and Keightley 2006). Halligan and Keightley
(2006) found the fastest evolving (and presumably least
constrained) intron sites to be bases 8–30 of introns 65
bp, which show greater divergence between species than
4-fold degenerate synonymous sites. These findings suggest
that short intron sequences (or portions thereof) may be the
most appropriate reference for the inference of selection.
To further explore this possibility, we examined DNA
sequence polymorphism and divergence at 119 Drosophila
genes containing 195 short introns (mean intron length 5
65 bp, range 5 46–120 bp). We find that both intraspecific
polymorphism and interspecific divergence are slightly
higher at intronic sites than at 4-fold degenerate synonymous sites, which is consistent with short introns being under less selective constraint. Despite this, we find that bases
8–30 of introns 65 bp show the lowest ratio of divergence
to polymorphism and, when used as a reference, yield
slightly higher estimates of the prevalence of positive selection than synonymous sites in the D. melanogaster lineage.
Although there appears to be little selective constraint on
the sequence of short introns, patterns of insertion–
deletion (indel) polymorphism and divergence suggest that
the length of these introns is subject to both positive and
negative selection.

Materials and Methods
Sequence Data
The data set consists of 119 protein-coding genes, all of
which contain at least one short intron (here defined as
120 bp and measured as the alignment length of all D.
melanogaster sequences after removal of gaps). This includes 53 autosomal genes previously reported by Pröschel
et al. (2006), 18 X-linked genes reported by Baines et al.
(2008), 12 X-linked genes reported by Andolfatto (2007),
1 X-linked gene reported by Glinka et al. (2003), and 35
genes (12 autosomal and 23 X-linked) that are new to this
analysis. In addition to at least one short intron, 16 of the
119 genes also contained one or more introns greater than
120 bp in length. These long introns (in total 17) were excluded from the analysis. A complete list of genes and their
GenBank/EMBL accession numbers are provided in supplementary table S1 (Supplementary Material online). Alignments of all loci are provided in supplementary figure S1
(Supplementary Material online). Because polymorphism is
reduced and nonsynonymous divergence is elevated in
chromosomal regions with very low recombination, we excluded genes from regions with recombination rates below
0.2 cM/Mb (Glinka et al. 2003; Haddrill et al. 2007). There
was not a significant correlation between recombination
rate and nucleotide polymorphism (Pearson’s R 5 0.11,
1227
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P 5 0.31) or nonsynonymous divergence (Pearson’s R 5
0.16, P 5 0.14) in the genes used in our analysis. To minimize the sampling variance of synonymous and nonsynonymous sites across loci, we chose genes from a relatively
narrow size range, with the mean number of coding sites
per gene being 746 (standard deviation 5 289).
For all the above genes, polymorphism statistics were
calculated using a sample of D. melanogaster alleles from
Zimbabwe, Africa. The number of sequenced alleles ranged
from 7 to 12 per gene, with the majority having a sample size
of 12 (mean 5 11.2). For the genes new to this analysis, sequences were generated by direct sequencing of polymerase
chain reaction products (both strands) using BigDye chemistry and a 3730 automated sequencer (Applied Biosystems,
Foster City, CA). Sequencing was performed on the same sets
of Zimbabwe strains used in previous studies (Pröschel et al.
2006; Andolfatto 2007; Baines et al. 2008).
Divergence statistics were calculated using a single allele
from D. simulans. When available (47 of 119 genes), we
used the previously published sequence from an inbred
D. simulans strain from Chapel Hill, NC (Meiklejohn et al.
2004). The reference sequence from the D. simulans genome
project (Drosophila 12 Genomes Consortium 2007) was
used for 63 of the 119 genes. For the remaining nine genes,
the complete D. simulans sequence was not available, and
the reference sequence of its sister species, D. sechellia, was
used in its place. The reference D. yakuba sequence was used
as an outgroup for ancestral reconstruction. All alignments
were performed using MUSCLE (http://www.drive5.com/
muscle) with manual adjustments and, in the case of coding
regions, adjustments to preserve reading frame.

Analysis of Nucleotide Polymorphism and
Divergence
Interspecific nucleotide divergence (K) was calculated as the
average pairwise divergence between all D. melanogaster sequences and a single D. simulans (or D. sechellia) outgroup
sequence, with Jukes–Cantor correction for multiple hits.
When multiple differences were present within a single codon of a protein-coding region, we chose the mutation pathway that minimized the number of nonsynonymous changes
(Nei and Gojobori 1986). For intron sequences, the invariant
GT and AG dinucleotides at the 5# and 3# splice junctions,
respectively, were excluded before calculating divergence.
However, these sites were included when calculating total
intron length and when extracting bases 8–30 of introns.
Only aligned nucleotide positions (without gaps) were used
for counting bases 8–30. To polarize nucleotide divergence
to either the D. melanogaster or the D. simulans lineage, the
ancestral sequence of the two species was reconstructed by
maximum likelihood as implemented in the codeml (for coding regions, free ratio model [model 5 1]) and baseml (for
noncoding regions) programs of PAML (Yang 2007) using the
D. yakuba sequence as the outgroup. Selective constraint (C)
was estimated from divergence data using the formula C 5
1 (Ktest/Kref), where the subscripts indicate the test and the
reference sites, respectively (Kondrashov and Crow 1993;
Eyre-Walker and Keightley 1999).
1228

Intraspecific nucleotide polymorphism was calculated in
two ways: as the average number of pairwise differences
among D. melanogaster alleles (p) with Jukes–Cantor correction and as Watterson’s (1975) estimator of diversity (h).
To calculate h, we used the number of segregating mutations as there were some rare cases in which three different
nucleotides were segregating at a single position in the
alignment. Differences between the two above estimators
of nucleotide diversity were quantified by Tajima’s (1989)
D statistic. Because Tajima’s D is sensitive to the sample size
and the number of segregating sites, we also determined
D#, which is the ratio of D to the absolute value of its theoretical minimum (Schaeffer 2002). The derived allele frequency (DAF) was calculated as the average frequency of
derived mutations over all sites, with the derived state being determined by parsimony using D. simulans as the outgroup. Sites for which the derived state could not be
determined unambiguously were excluded from the analysis. Selective constraint was estimated from polymorphism data using the formula C 5 1 (ptest/pref).
A bootstrap analysis was performed by randomly resampling (with replacement) the loci in our original data set,
with the condition that the proportion of genes containing
an intron 65 bp remained constant. For each of 10,000
replicates, we calculated mean values of p and h, as well
as the summed ratio of polymorphic-to-divergent sites
(D/P), for all classes of sites. We then compared these values between bases 8–30 of introns 65 bp and all other
classes of sites to determine the proportion of replicates
in which bases 8–30 of introns 65 bp had a higher p
or h (or lower D/P) than the other site classes.
The proportion of fixed differences between species attributable to positive selection (a) was determined using
two multilocus implementations of the test of McDonald
and Kreitman (1991): the method of Fay et al. (2001) that
uses the sums of all polymorphic and divergent sites over all
loci and the method of Bierne and Eyre-Walker (2004) that
performs a maximum likelihood estimation of a using
paired polymorphism and divergence counts within each
locus. Because segregating deleterious mutations may lead
to the underestimation of a, we excluded all low-frequency
polymorphisms (frequency 15%) from our analysis
(Charlesworth and Eyre-Walker 2008; Parsch et al. 2009).
For both of the above methods, a, its 95% confidence interval, and the probability of a . 0 were calculated using the
program DoFE (http://www.lifesci.sussex.ac.uk/home/Adam_
Eyre-Walker/Website/Software.html).

Analysis of Indels
Indels that were polymorphic within D. melanogaster were
classified as either insertions or deletions by comparison
with the D. simulans sequence under the assumption
of parsimony. In rare cases where there were multiple
overlapping indels and the classification was ambiguous
(typically involving repetitive sequences), the indel was excluded from the analysis. To classify divergent indels and
assign them to either the D. melanogaster or the D. simulans lineage, we used D. yakuba as the outgroup and
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Table 1. Summary of Interspecific Divergence.
Class
Nonsynonymous
Synonymous (4-fold)
Intron
Intron £65
Intron 8–30
Intron £65 8–30

Sites
70,668
14,009
11,531
6,917
4,485
2,967

Kmsa
1.9
10.6
11.4
11.0
12.3
12.3

Kmb
0.9
6.0
5.5
5.8
6.2
6.4

Table 2. Summary of Intraspecific Polymorphism.
Km/Kms
0.47
0.56
0.49
0.53
0.51
0.53

C mc
86.0
7.6
14.1
10.2
3.2
—

a

Mean divergence (per 100 sites) between all Drosophila melanogaster sequences
and D. simulans.
b
Mean divergence (per 100 sites) on the D. melanogaster lineage only.
c
Constraint; the percentage of sites subject to purifying selection on the D.
melanogaster lineage relative to bases 8–30 of introns 65 bp, as estimated from
interspecific divergence.

followed the parsimony approach of Presgraves (2006) (see
his fig. 1). Indels that could not be assigned unambiguously
to a lineage were excluded from the analysis.

Results and Discussion
Selective Constraint: Interspecific Divergence
Our data set consists of 119 protein-coding genes, each
containing at least one short intron (120 bp). Introns
greater than 120 bp in length (long introns) were excluded
from the analysis. In total, there are 195 short introns, 129
of which are 65 bp (fig. 1B). This allows us to analyze several classes of putatively unconstrained sites: 1) 4-fold synonymous sites, 2) all intronic sites, 3) all sites of introns 65
bp, 4) bases 8–30 of all introns, and 5) bases 8–30 of introns
65 bp. The last class of sites was suggested by Halligan and
Keightley (2006) to be the least selectively constrained.
Mean values of interspecific divergence between D. melanogaster and D. simulans are shown in Table 1. Divergence
is significantly lower at nonsynonymous sites than at all
other classes of sites (Mann–Whitney test, P , 0.001 in
all cases) but does not differ significantly among any of
the putatively unconstrained classes of sites by the Mann–

Class
Nonsynonymous
Synonymous (4-fold)
Intron
Intron £65
Intron 8–30
Intron £65 8–30

pa
0.15
1.78
1.61
1.84
1.90
2.17

ub
0.19
1.85
1.66
1.90
2.01
2.32

Taj Dc
20.64
20.18
20.11
20.09
20.15
20.14

Taj D#d
20.42
20.11
20.08
20.05
20.11
20.09

DAF
0.226
0.313
0.317
0.321
0.295
0.306

Ce
93.0
18.3
25.8
15.4
12.7
—

a

Mean pairwise nucleotide diversity (per 100 sites).
Watterson’s (1975) estimator of nucleotide diversity (per 100 sites).
c
Tajima’s (1989) D statistic.
d
Tajima’s D relative to its theoretical minimum given the sample size and
number of segregating sites (Schaeffer 2002).
e
Constraint; the percentage of sites subject to purifying selection relative to bases
8–30 of introns 65 bp, as estimated from intraspecific polymorphism.
b

Whitney test. However, a bootstrap analysis indicates that
divergence is consistently higher for bases 8–30 of introns
65 bp than for other classes of sites (fig. 2). This is in agreement with Halligan and Keightley (2006) and suggests that at
least some 4-fold synonymous and intronic sites are subject to
purifying selection. A similar pattern is seen when divergence
is measured only on the D. melanogaster lineage (table 1).
Within our set of short introns, there was no correlation between intron length and interspecific divergence (Pearson’s
R 5 0.064, P 5 0.48).
Using bases 8–30 of introns 65 bp as the reference, we
estimated the selective constraint on the other classes of
sites on the D. melanogaster lineage (table 1). For example,
86% of substitutions in nonsynonymous sites in our sample
appear to be subject to purifying selection (table 1), which
matches the previous genome-wide estimate (Halligan and
Keightley 2006). The different classes of putatively unconstrained sites show levels of constraint ranging from 3% to
14%, with the greatest constraint on intronic sites (table 1).
Our estimate of constraint at 4-fold synonymous sites on
the D. melanogaster lineage is 7.6%, which is slightly lower
than the 12.6% estimated by Halligan and Keightley (2006)
from the total divergence between D. melanogaster and D.
simulans. This is consistent with there being weaker selection on synonymous codon usage in D. melanogaster than
in D. simulans (Akashi 1995). Note that these estimates of
constraint on synonymous sites assume equal mutation
rates, which may not be the case if noncoding DNA is more
highly mutable (Andolfatto 2005).

Selective Constraint: Intraspecific Polymorphism

FIG. 2. Results of bootstrap analysis. For K and p, shading indicates
the proportion of 10,000 bootstrap replicates in which bases 8–30 of
introns 65 bp had a higher mean value than the class of sites given
at the left. For D/P and D/P#, shading indicates the proportion of
replicates in which bases 8–30 of introns 65 bp had a lower
summed ratio than the class of sites given at the left. Non,
nonsynonymous sites; 4-fold, 4-fold synonymous sites; Int, all sites of
introns 120 bp; Int 65, all sites of introns 65 bp; Int 8–30, sites
8–30 of all introns 120 bp.

In addition to interspecific divergence data, we also have
intraspecific polymorphism data for all the genes in our
sample, which allows us to examine selective constraint
on the various classes of sites at the population level. For this,
we used a population of D. melanogaster from Zimbabwe,
Africa, that is less affected by the recent demographic
changes that other worldwide populations have experienced
(Dieringer et al. 2005; Haddrill, Thornton, et al. 2005; Stephan
and Li 2006).
Overall, nucleotide sequence polymorphism follows the
same general pattern as divergence, with the highest levels
of polymorphism at bases 8–30 of introns 65 bp (table 2),
1229
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Table 3. Numbers of Polymorphic and Divergent Sites.
Class
Nonsynonymous
Synonymous (4-fold)
Intron
Intron £65
Intron 8–30
Intron £65 8–30

Da
1,225
1,159
1,021
574
411
264

Pb
392
758
545
387
262
201

P#c
162
422
309
212
137
98

D/P
3.13
1.53
1.87
1.48
1.57
1.31

D/P#
7.56
2.75
3.30
2.71
3.01
2.69

a

Number of fixed differences between Drosophila melanogaster and D. simulans.
Number of polymorphic sites within D. melanogaster.
c
Number of polymorphic sites after excluding low-frequency (15%)
polymorphisms.
b

which also suggests that these sites are under the least selective constraint. Nucleotide diversity (p) is significantly
lower at nonsynonymous sites than at all other classes
of sites (Mann–Whitney test, P , 0.001 in all cases) but
does not differ significantly among any of the other classes
of sites. There is no correlation between intron length and
p (Pearson’s R 5 0.046, P 5 0.61). However, mean values
of p are consistently higher for bases 8–30 of introns ,65
bp than for other sites in a bootstrap analysis (fig. 2). Using
bases 8–30 of introns 65 bp as the reference, we estimated the selective constraint on the other classes of sites
based on levels of intraspecific polymorphism (table 2). In
all cases, the constraint estimated from polymorphism was
greater than that estimated from divergence (table 1). This
may be because positively selected mutations appear
disproportionately in divergence and lead to reduced
estimates of constraint.
At the population level, selective constraint may also be
detected by an excess of low-frequency polymorphisms
that leads to negative values of Tajima’s D. We observe negative values of Tajima’s D at all classes of sites, but the only
clear outlier is the nonsynonymous sites, which show a large
excess of low-frequency variants (table 2). At nonsynonymous sites, Tajima’s D# (the ratio of Tajima’s D to the absolute value of its theoretical minimum; Schaeffer 2002) is
0.42 and is significantly less than that at the other classes
of sites (Mann–Whitney test, P , 0.002 in all cases). This
indicates that purifying selection keeps nonsynonymous
mutations at low frequency in the population. For the
other classes of sites, Tajima’s D# falls between 0.11
and 0.05 and does not differ significantly among classes.
The overall excess of rare alleles observed for all sites may
be the result of an ancient population expansion in the
African population (Stephan and Li 2006), although a past
bottleneck (Haddrill, Thornton, et al. 2005), direct effects of
purifying selection (Haddrill et al. 2008), or indirect effects
of linked positive selection (Andolfatto 2007) are also
possibilities.
Using D. simulans as an outgroup to polarize segregating
mutations as either ancestral or derived, we calculated the
average DAF over all sites. We find that nonsynonymous
sites show significantly lower DAF than all other classes
of sites (Mann–Whitney test, P , 0.05 in all cases). There
are no significant differences in DAF among the other
classes of sites.
1230

Table 4. Estimates of the Proportion of Adaptive Substitutions at
Nonsynonymous Sites Using Different Classes of Sites as the
Reference.
Class
Synonymous (all)
Synonymous (4-fold)
Intron
Intron £65
Intron 8–30
Intron £65 8–30

aFWWa (95% CI)
63.3 (53.4–71.4)
63.7 (53.4–70.7)
56.3 (40.9–66.7)
64.1 (45.4–75.4)
60.3 (42.9–71.5)
64.4 (40.9–77.0)

aBEWb (95% CI)
48.3 (39.4–60.1)
51.8 (38.1–62.0)
45.5 (27.4–57.4)
55.2 (35.2–66.5)c
50.6 (31.1–63.8)
55.4 (24.5–68.9)c

NOTE.—CI, confidence interval.
a
Percent of nonsynonymous substitutions fixed by positive selection as estimated
by the method of Fay et al. (2001).
b
Percent of nonsynonymous substitutions fixed by positive selection as
estimated by the method of Bierne and Eyre-Walker (2004).
c
Estimated from the 86 genes containing at least one 65 bp intron. All other
estimates are from the full set of 119 genes.

Detection of Positive Selection: Polymorphism
and Divergence
Having the combination of polymorphism and divergence
data allows us to test not only for negative selection but
also for positive selection. To do this, we used two multilocus implementations of the McDonald–Kreitman test to
estimate the proportion of fixed differences between species that can be attributed to positive selection (a). Nonsynonymous sites were used as the test sites, and the other
classes of sites were used as the reference. The first method
compares ratios of divergence with polymorphism between
the test sites and the reference sites using the summed
values of polymorphic and divergent sites over all loci
(Fay et al. 2001). This method has the advantage of being
applicable to all loci, even those that do not contain short
introns. However, it has the drawback that it may, in certain
situations, lead to biased estimates of adaptive divergence
(Smith and Eyre-Walker 2002; Welch 2006; Shapiro et al.
2007) or overconfidence about uncertainty in estimates
(Andolfatto 2005, 2008). With the approach of Fay et al.
(2001), a can be calculated as 1 [(Dref/Pref)/(Dtest/Ptest)],
where D and P represent the summed numbers of divergent and polymorphic sites, respectively, and the subscripts
indicate the reference and the test sites, respectively. Positive selection (a . 0) is detected when Dref/Pref , Dtest/
Ptest. Table 3 shows the D/P ratio for the different classes of
sites. The lowest ratio is found for bases 8–30 of introns
65 bp, which is consistent across bootstrap replicates
(fig. 2). Concordantly, the highest value of a for nonsynonymous sites is obtained when bases 8–30 of introns 65 bp
are used as the reference (table 4). However, the signal of
positive selection at nonsynonymous sites is strong (a ranging from 56% to 64%) regardless of which sites are used as
the reference, and there is considerable overlap in the
a estimates generated by the different site classes, including
the use of all synonymous sites as the common practice
(table 4). Using bases 8–30 of introns 65 bp as the reference, we can also estimate a for the other classes of sites.
These estimates range from 0.5% to 18.5%, with the highest
a observed for all intronic sites (fig. 3). However, the 95%
confidence intervals of a include zero for every class of sites
(fig. 3).
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FIG. 3. The proportion of interspecific divergence at different classes
of sites that can be attributed to positive selection (a) when bases
8–30 of introns 65 bp are used as the reference. Values were
calculated using the method of Fay et al. (2001), with low-frequency
polymorphisms (15%) excluded. In all cases, the mean value of a
(solid boxes) is greater than zero, although zero falls within the 95%
confidence interval (error bars). Syn, all synonymous sites; 4-fold, 4fold synonymous sites; Int, all sites of introns 120 bp; Int 65, all
sites of introns 65 bp; Int 8–30, sites 8–30 of all introns 120 bp.

We also estimated a for nonsynonymous sites using the
maximum likelihood method of Bierne and Eyre-Walker
(2004). Like the original McDonald–Kreitman test, this
method pairs the test and reference sites within each locus
and, thus, avoids some of the potential problems of the
method of Fay et al. (2001). However, it has the limitation
that it cannot be applied to all loci. For example, if one wishes
to use intronic sites as the reference, only genes containing
introns (and ofthe correct size) can betested. Thea estimates
for nonsynonymous sites produced by this method ranged
from 45% to 55%, with the highest value produced when bases 8–30 of introns 65 bp was used as the reference (table 4).
A concern with using McDonald–Kreitman–based approaches to infer adaptive evolution is that the combination of weak purifying selection and changing population
size may lead to overestimates of a (Eyre-Walker 2002). This
occurs when slightly deleterious mutations contribute
more to divergence than to polymorphism because the effective population size has increased since the time of species divergence. We tried to minimize this effect by using an
African population of D. melanogaster that does not show

evidence of a recent bottleneck like non-African populations do (Haddrill, Thornton, et al. 2005; Stephan and Li
2006). However, we cannot rule out population size
changes over a longer timescale. In any case, the above
problem would occur when using any class of sites as
the neutral reference. It has been proposed that weak selection at synonymous sites could counteract the effect of
weak selection at nonsynonymous sites in tests of adaptive
evolution (Eyre-Walker 2002). However, we find no evidence from the frequencies of segregating mutations that
weak purifying selection is more prevalent at synonymous
sites than at the other classes of reference sites (table 2).

Comparison of Autosomal and X-Linked Loci
The above analyses used a pooled data set of 65 autosomal
and 54 X-linked genes containing 116 and 79 short introns,
respectively. Analyzing the autosomal and X-linked loci separately gives similar results, with the highest levels of both
polymorphism and divergence at bases 8–30 of introns
65 bp (table 5). There is a nonsignificant trend of higher
constraint and greater adaptive evolution at X-linked loci
(Mann–Whitney test, P . 0.05 in all cases), which may be
a result of more efficient selection (both positive and negative) acting on X-linked recessive mutations in hemizygous
males. For autosomal loci, the ratio of polymorphism to divergence (after excluding low-frequency polymorphisms) at
bases 8–30 of introns 65 bp is slightly higher than that of 4fold synonymous sites or other intronic sites. This leads to
slightly lower estimates of a at nonsynonymous sites when
bases 8–30 of introns 65 bp are used as the reference by the
method of Fay et al. (2001). The method of Bierne and EyreWalker (2004), however, produces the highest estimates of a
at nonsynonymous sites when bases 8–30 of introns 65 bp
are used as the reference (table 5).

Selective Constraint on Intron Length: Indel
Polymorphism and Divergence
Although there appears to be little selective constraint on
the primary sequence of short introns, several studies have
suggested that intron length is subject to purifying selection (Stephan et al. 1994; Carvalho and Clark 1999; Yu et al.

Table 5. Comparison of Autosomal and X-Linked Loci.
Chromosome
Autosome

X-linked

Class
Nonsynonymous
Synonymous (4-fold)
Intron
Intron £65
Intron 8–30
Intron £65 8–30
Nonsynonymous
Synonymous (4-fold)
Intron
Intron £65
Intron 8–30
Intron £65 8–30

p
0.15
1.63
1.68
1.72
2.03
2.06
0.16
1.76
1.50
1.91
1.89
2.38

Cpola
92.8
20.6
18.4
16.3
1.5
—
93.3
25.7
36.8
19.8
20.6
—

Km
0.87
5.92
5.62
5.76
6.19
6.36
0.98
6.00
5.32
5.57
6.37
6.71

Cdivb
86.4
6.9
11.7
9.4
2.7
—
85.4
10.5
20.7
16.9
5.1
—

D/P
2.38
1.65
1.94
1.67
1.61
1.47
4.03
1.39
1.78
1.24
1.50
1.08

D/P#
5.72
2.92
3.31
3.16
3.05
3.22
9.86
2.54
3.29
2.15
2.93
2.00

aFWW
—
49.0
42.1
44.7
46.7
43.7
—
74.3
66.6
78.2
70.3
79.7

aBEW
—
44.6
46.6
46.1
48.3
48.7
—
59.5
51.0
66.9
51.2
67.4

NOTE.—As in Table 4, the last two columns give the estimated proportion of adaptive substitutions at nonsynonymous sites when using the given sites as the reference.
a
Constraint (%) estimated from polymorphism.
b
Constraint (%) estimated from divergence.
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Table 6. Indel Polymorphism and Divergence in Short Introns.
Species
Drosophila melanogaster

Type
Polymorphism

D. melanogaster

Divergence

D. simulans

Divergence

Chromosome
X-linked
Autosome
All
X-linked
Autosome
All
X-linked
Autosome
All

Deletion
20
12
32
11
22
33
30
22
52

Insertion
14
22
36
18
18
36
11
5
16

Deletion/Insertiona
1.43
0.55
0.89
0.61
1.22
0.92
2.73**
4.40**
3.25***

a

Asterisks indicate significant departure from 1 (v2 test).
**P , 0.01, ***P , 0.001.

2002; Parsch 2003; Presgraves 2006; Casillas et al. 2007). To
investigate this, we examined indel polymorphism and divergence in short introns. In total, 68 indels (32 deletions
and 36 insertions) were segregating within D. melanogaster,
indicating a slight insertion bias (table 6). This contrasts
with the overall polymorphism deletion bias that has been
reported for long introns and intergenic regions (Comeron
and Kreitman 2000; Ometto et al. 2005). Part of this discrepancy may be attributable to the smaller target size
in short introns for deletions that do not overlap with conserved splice sites (Ptak and Petrov 2002). It has also been
proposed that short introns evolve in a compensatory fashion in which their length decreases due to the accumulation of slightly deleterious deletions until the intron
reaches a minimal length required for efficient splicing, after which selection favors insertions (Parsch 2003). Consistent with this model, we find that insertions segregate at
significantly higher frequencies than deletions (fig. 4). Deletions segregate at a lower frequency than derived single
nucleotide polymorphisms (SNPs), whereas insertions segregate at a higher frequency (fig. 4). If we assume that the
vast majority of SNPs within short introns are free of selective constraint, then this suggests that insertions are favored by selection, whereas deletions are disfavored. A
similar result was reported by Presgraves (2006) for a different set of introns, although he found an insertion bias only
on the X chromosome, whereas we find it on the autosomes (table 6). However, we observe a larger difference

FIG. 4. Mean frequencies of deletions (open bars), insertions (solid
bars), and derived SNPs (gray bars) within introns. Values are shown
for X-linked loci, autosomal loci, and all loci combined. Brackets
indicate significant differences in frequency between groups
(Mann–Whitney test). *P , 0.05, **P , 0.01.
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in the frequencies of insertions and deletions on the X
chromosome than on the autosomes (fig. 4), which was
also found by Presgraves (2006).
In contrast to the polymorphism results, we observe
a strong deletion bias for fixed differences between D. melanogaster and D. simulans. However, this deletion bias is
limited to the D. simulans lineage (table 6). The D. melanogaster lineage shows a slight insertion bias, which is
consistent with the polymorphism results and the compensatory model described above. It is difficult, however,
to reconcile the D. simulans results with this model. A
strong deletion bias in the D. simulans lineage was also seen
by Presgraves (2006) and suggests that the two lineages
may differ in mutational processes, splicing mechanisms,
or strength of selection on noncoding sequence length.
All the above results hold when single-base indels, which
often involve simple sequence repeats, are excluded from
the analysis (supplementary table S2, Supplementary Material online), suggesting that the observed patterns are not
caused solely by slippage-like mutational processes.

Conclusions
We find that bases 8–30 of short introns show the highest
average divergence between D. melanogaster and D. simulans. This is consistent with previous reports suggesting
that these sites are the least constrained in the Drosophila
genome (Halligan and Keightley 2006; Drosophila 12 Genomes Consortium 2007). Previous studies, however, were
limited to comparisons of single sequences between species and, thus, could not disentangle the effects of negative
and positive selection. For example, it is possible that the
higher divergence observed at intron sites 8–30 is a result of
increased adaptive evolution at these sites relative to synonymous sites. Our use of both polymorphism and divergence data allows us to rule out this possibility. The
polymorphism data also allow us to get better estimates
of constraint at all classes of sites because levels of constraint calculated only from divergence will be underestimates if some of the divergence is adaptive (Andolfatto
2005). Indeed, this appears to be the case as our polymorphism data give higher estimates of constraint than the divergence data (compare tables 1 and 2). Taken together,
the high levels of polymorphism and divergence indicate
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that bases 8–30 of introns 65 bp are the best choice as
a reference for the detection of selective constraint.
The combination of polymorphism and divergence data
also allows us to evaluate the utility of the intronic sites for
tests of adaptive evolution, such as the McDonald–
Kreitman test. We find that sites 8–30 of introns 65
bp are the best sites to use as a reference but do not differ
very much from synonymous sites, which are often used for
this purpose. This result is relevant to previous studies that
have used polymorphism and divergence at synonymous
sites to infer adaptive evolution of noncoding regions
(e.g., Andolfatto 2005). For example, it has been suggested
that nonneutral evolution of synonymous sites, such as purifying selection against unpreferred codon changes or balancing selection to maintain an overall optimal level of
codon bias, could inflate the ratio of polymorphism to divergence at synonymous sites and lead to overestimates of
a when they are used as the reference sites (Akashi 1995;
see also http://www.f1000biology.com/article/id/1028663/
dissent). Our results allow us to rule out these possibilities
and suggest that, if anything, the estimates of adaptive evolution based on synonymous sites are slight underestimates. In the case of Andolfatto (2005), it should be
noted that the vast majority of intronic sites that were analyzed came from long introns; only two introns were less
than 65 bp (0.37% of intronic sites) and only four introns
were less than 120 bp (0.91% of intronic sites). Thus, our
finding that short introns (or portions thereof) show little
signal of adaptive evolution does not contradict Andolfatto
(2005) but rather suggests a difference between introns of
different sizes. Indeed, when considering all sites of introns
120 bp, we obtain the largest point estimate of a (0.185;
fig. 3), which is close to the value of 0.193 reported by
Andolfatto (2005) for longer introns.
Despite the above advantages of short introns, in many
cases, it may be preferable to use synonymous sites as the
reference because they are present in all protein-coding
genes, are relatively informative in comparison with short
introns (or portions thereof), and are less prone to statistical
errors in inferring positive selection at individual loci
(Andolfatto 2008). It remains to be seen whether short introns are preferable to synonymous sites in species with
more obvious evidence for selection on synonymous sites,
such as D. simulans (Akashi 1995; Begun 1996; Haddrill
et al. 2008).

Supplementary Material
Supplementary figure S1 and tables S1 and S2 are available
at Molecular Biology and Evolution online (http://
www.mbe.oxfordjournals.org/).
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