
Purifying Selection Maintains Highly Conserved Noncoding Sequences in
Drosophila
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The majority of metazoan genomes consist of nonprotein-coding regions, although the functional significance of most
noncoding DNA sequences remains unknown. Highly conserved noncoding sequences (CNSs) have proven to be
reliable indicators of functionally constrained sequences such as cis-regulatory elements and noncoding RNA genes.
However, CNSs may arise from nonselective evolutionary processes such as genomic regions with extremely low
mutation rates known as mutation ‘‘cold spots.’’ Here we combine comparative genomic data from recently completed
insect genome projects with population genetic data in Drosophila melanogaster to test predictions of the mutational
cold spot model of CNS evolution in the genus Drosophila. We find that point mutations in intronic and intergenic CNSs
exhibit a significant reduction in levels of divergence relative to levels of polymorphism, as well as a significant excess of
rare derived alleles, compared with either the nonconserved spacer regions between CNSs or with 4-fold silent sites in
coding regions. Controlling for the effects of purifying selection, we find no evidence of positive selection acting on
Drosophila CNSs, although we do find evidence for the action of recurrent positive selection in the spacer regions
between CNSs. We estimate that ;85% of sites in Drosophila CNSs are under constraint with selection coefficients
(Nes) on the order of 10–100, and thus, the estimated strength and number of sites under purifying selection is greater for
Drosophila CNSs relative to those in the human genome. These patterns of nonneutral molecular evolution are
incompatible with the mutational cold spot hypothesis to explain the existence of CNSs in Drosophila and, coupled with
similar findings in mammals, argue against the general likelihood that CNSs are generated by mutational cold spots in
any metazoan genome.

Introduction

A largely unexplained structural feature common to
metazoan genomes is the presence of vast amount of
nonprotein-coding DNA (Britten and Davidson 1969; Taft
andMattick2003).For example,over75%of the euchromatic
portion of the Drosophila melanogaster genome sequence
is found in noncoding intronic and intergenic regions
(Misra et al. 2002). Unlike large mammalian genomes,
the overwhelming majority of noncoding DNA in the
D. melanogaster genome sequence is unique, with less
than 6% of the genome confidently identified as repetitive
transposable element sequences (Quesneville et al. 2005;
Bergman et al. 2006). Of these 80þ Mb of unique noncod-
ing sequences in D. melanogaster, a minimum of;20–30%
has been shown to be highly conserved among other insect
species (Bergman and Kreitman 2001; Bergman et al. 2002;
Siepel et al. 2005). These highly conserved noncoding
sequences (CNSs) are typically interpreted as representing
the signature of functionally constrained elements
maintained by purifying selection and have been success-
fully used to guide the prediction of cis-regulatory se-
quences (Bergman et al. 2002; Costas et al. 2004) and
functional noncoding RNAs (Enright et al. 2003; Lai
et al. 2003).

Despite the widespread assumption that CNSs are
maintained by the action of purifying selection, the first
results on the length distribution of CNSs reported in
Bergman and Kreitman (2001) were shown to be compat-
ible with a nonselective mode of evolution that invokes
only mutation and genetic drift (Clark 2001), albeit by as-

suming extremely low mutation rates that vary over spatial
scales on the order of tens of base pairs. This lead Clark
(2001) to propose the ‘‘mutational cold spot’’ hypothesis
to explain the existence of CNSs as an alternative to the
functional constraint hypothesis (see also Shabalina and
Kondrashov 1999). Subsequently, arguments against the
mutational cold spot hypothesis were levied on the grounds
of the nonrandom spatial distribution of CNSs inDrosophila
(Bergmanet al. 2002) andCaenorhabditis (Webb et al. 2002),
a pattern which would further require a nonrandom orga-
nization of mutational cold spots to explain the pattern of
CNS evolution. Although no molecular mechanism has
been shown to produce such localized mutation cold
spots, local variation in mutation rates remains a formal
possibility that must be investigated more thoroughly to
demonstrate the general property that CNSs are indeed selec-
tively constrained.

Recently, the mutational cold spot hypothesis has been
tested directly using population genetic data from single-
nucleotide polymorphism (SNP) projects in the human ge-
nome (Keightley, Kryukov et al. 2005; Drake et al. 2006).
Both the mutational cold spot hypothesis and the functional
constraint hypothesis predict that levels of within-species
variation in CNSs should be reduced relative to flanking
non-CNS sequences. This is because either low mutation
rates or the elimination of deleterious alleles by purifying
selection can reduce the number of segregating polymor-
phisms observed in CNSs. In contrast to levels of variation,
the 2 hypotheses make distinct predictions about the distri-
bution of allele frequencies in CNS and non-CNS
regions. Under the mutation cold spot hypothesis, CNS
and non-CNS regions should not differ from one another
in their allele frequency spectra because their dynamics
are both governed only by mutation and genetic drift. In
contrast, the functional constraint hypothesis predicts that
CNSs should harbor more rare derived alleles relative to
non-CNS regions if CNSs are maintained by purifying
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selection that confines weakly deleterious alleles within low
population frequencies. Tests of these alternative models
based on differences in derived allele frequency (DAF) dis-
tributions have concluded that CNSs in the human genome
exhibit an excess of rare derived alleles, consistent with
functional constraint acting to maintain CNSs in mammals
(Keightley, Kryukov et al. 2005; Drake et al. 2006). Similar
results have also been reported for SNPs in predicted micro-
RNA binding sites in the 3# untranslated regions (UTRs) of
human genes (Chen and Rajewsky 2006). Moreover, anal-
ysis of the distribution of fitness effects on mutations in
mammalian CNSs has revealed the action of weak purifying
selection (Kryukov et al. 2005), a mode of evolution which
would allow deleterious SNPs to be observed in nature but
prevent most of them from reaching high population fre-
quency or going to fixation.

Here we investigated the evolutionary forces govern-
ing the evolution of CNSs in the Drosophila genome, using
recently available comparative genomic data from insect
genome projects (Holt et al. 2002; Richards et al. 2005;
The Honeybee Genome Sequencing Consortium 2006;
http://rana.lbl.gov/drosophila) combined with population
genetic data from published nucleotide polymorphism stud-
ies in noncoding regions of the X chromosome in D. mel-
anogaster (Glinka et al. 2003; Orengo and Aguade 2004;
Ometto, Glinka et al. 2005). We extend previous within-
species analysis of evolutionary dynamics in CNSs by
testing a second prediction of the mutational cold spot hy-
pothesis, based on a modified version of the McDonald–
Kreitman (MK) test (McDonald and Kreitman 1991),
similar to that used to test differences between transcription
factor binding sites and spacer regions in cis-regulatory se-
quences (Jenkins et al. 1995; Ludwig and Kreitman 1995).
Specifically, we test whether the ratio of polymorphism
withinD. melanogaster relative to divergence with its sister
species Drosophila simulans is the same in CNS and non-
CNS regions, as is expected under a model of strictly neu-
tral evolution required by the mutational cold spot hypoth-
esis. By using resequencing data rather than data from SNP
studies as used in the studies in mammals cited above, we
have access to more comprehensive, unbiased population
genetic data from contiguous genomic sequences. This
permits us to test the mutational cold spot hypothesis more
rigorously using both the MK test as well as the DAF test
and further allows us to investigate the impact of both single
nucleotide as well as insertion/deletion (indel) mutations on
the evolution of CNSs.

Materials and Methods
Compilation of Published Sequence Data

We have used population genetic data from genome
scans of noncoding regions homogeneously distributed
across the X chromosome of D. melanogaster (Glinka
et al. 2003; Orengo and Aguade 2004; Ometto, Glinka
et al. 2005). These data include ;12 alleles per locus from
each of 3 distinct data sets: AFR is an African sample
from Lake Kariba, Zimbabwe; EUR1 is a European sample
from Leiden, The Netherlands; and EUR2 is another Euro-
pean sample from Sant Sadurnı́ d’Anoia, Catalonia, Spain.

We used a modified version of Pipeline Diversity Analysis
(PDA) (Casillas and Barbadilla 2006) to automatically re-
trieve noncoding sequences from Genbank, classify and
align thembypopulation and locus (see below), and estimate
diversity measures. Data for coding regions to calculate lev-
els of silent site polymorphism and divergence was obtained
from Andolfatto (2005).

We selected one allele from each data set and used
BLAT (Kent 2002) to map each alignment to the D. mel-
anogaster genome sequence, which also provided an addi-
tional allele to each locus that was used only for reference
purposes but which was never included in the polymor-
phism analyses, thus conserving the unique origin of the
sequences in each population data set. Based on preliminary
results indicating unusual properties of indels in the D. sim-
ulans composite whole-genome shotgun assembly, we used
the orthologous D. simulans allele provided by the authors
in the original papers. For loci where this sequence was not
available, we obtained the orthologous D. simulans regions
using whole-genome alignments from the VISTA browser
(Couronne et al. 2003) using the genomic coordinates of D.
melanogaster. D. simulans alleles were used to polarize
polymorphic SNPs and indel polymorphisms (IPs) and to
define single-nucleotide fixed differences (SNFs) and indel
fixed differences (IFs).

Multiple Sequence Alignment

We evaluated the performance of several programs
to generate multiple alignments of alleles by correlating
estimates of polymorphism and divergence obtained auto-
matically here with estimates derived from manually
curated alignments previously reported in the primary pub-
lications. Based on this analysis, we chose to use MUSCLE
(Edgar2004)formultiplesequencealignment,whichyielded
correlations for polymorphism with r. 0.96 for the 3 pop-
ulations and correlations for divergence with r. 0.82 (Sup-
plementary File 1, Supplementary Material online).

Masking Exons, Repeats, and Low-Quality Regions

Each alignment was visually inspected but left unmod-
ified. Unreliable alignments were discarded (7 loci from
AFR and EUR1 and 10 loci from EUR2), and regions
at the ends of the alignments were trimmed because of
differences in the extent of sequence available for each
allele. Coding exons, UTR exons, interspersed, and low-
complexity repetitive sequences were also masked using
the annotations from the University of California Santa
Cruz (UCSC) Genome Browser (Hinrichs et al. 2006).

Defining Evolutionary CNSs

CNSs were obtained from the phastConsElements9-
way track for the D. melanogaster genome at the UCSC
browser, which identifies highly conserved elements
using a phylogenetic hidden Markov model (Siepel et al.
2005) applied to multiple alignment of 7 species of Dro-
sophila, mosquito, and honeybee. The version of the ge-
nome assemblies used for the phastConsElements9way
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track are D. melanogaster (dm2), D. simulans (droSim1),
Drosophila yakuba (droYak1), Drosophila ananassae
(droAna1), Drosophila pseudoobscura (dp2), Drosophila
virilis (droVir1), Drosophila mojavensis (droMoj1),
Anopheles gambiae (anoGam1) and Apis melifera (api-
Mel1). Similar results were obtained when CNSs were de-
fined as conserved blocks of.20 bp and.90% identity in
pairwise alignments of D. melanogaster with D. pseu-
doobscura or D. virilis, respectively, using the VISTA
browser (Couronne et al. 2003).

Identification of Point and Indel Mutations

SNPs and IPs inD. melanogasterwere polarized using
theorthologous region inD.simulansassumingstandardpar-
simony criteria. Therefore, only those well-characterized
SNPs and IPs that could be polarized were kept for the anal-
yses. SNPs were discarded when: 1) more than 2 different
allelesweresegregatingat apolymorphic site, 2)polarization
was not possible because the corresponding site in the out-
group species was missing (gapped site) or unknown (N),
or 3) the D. simulans allele did not mach either D. mela-
nogaster allele. Correspondingly, IPs were discarded when:
1) they were located at the boundaries of the alignments, 2)
they could not be derived because 2 or more indels were
overlapped (either at the polymorphism level and/or with
the outgroup species), or 3) they were spanning different
categories of sites (e.g., a single indel was laying part in a
CNS and part in a non-CNS region).

We considered SNFs as those nucleotide sites that
were identical in all theD. melanogaster sequences, but dif-
ferent in the outgroup species. Similarly, IFs were deter-
mined as those indels that were identical in all the D.
melanogaster sequences, but different in the outgroup spe-
cies (insertion in D. melanogaster/deletion in D. simulans,
or vice versa). As above, SNFs were discarded when the
corresponding site in the outgroup species was a gap or
an N, and IFs were discarded when: 1) they were located
at the boundaries of the alignments, 2) indels in the 2 spe-
cies were overlapped, or 3) they were spanning different
categories of sites.

Multilocus MK Test for Noncoding DNA

For comparisons of polymorphism and divergence
between non-CNSs and CNSs in order to detect selection,
we applied a modification of the MK test (McDonald and
Kreitman 1991) for noncoding DNA. In this test, non-CNS
sites were used in place of synonymous coding sites, and
CNS sites were tested for the action of natural selection
in place of nonsynonymous coding sites. Tests were per-
formed both for point mutations (SNPs and SNFs) and in-
dels (IPs and IFs) in all 3 populations. In each case, sites
were pooled across all loci, and the significances were
tested according to a v2 test with 1 degrees of freedom
(df). For a single fragment, the assumption that CNS and
non-CNS sites share the same genealogy with little or no
recombination is as valid as similar modifications to the
MK test used for cis-regulatory sequences (Jenkins et al.
1995; Ludwig and Kreitman 1995).

DAF Test

DAF analyses were performed both for point muta-
tions and indels. Frequency distributions were created for
sets of SNPs and IPs based on the data set and whether they
were within or outside of CNSs. Significance was assessed
using the Kolmogorov–Smirnov tests (Sokal and Rohlf
1995) to test for differences across the entire allele fre-
quency distribution. Similar results were obtained using
a v2 test comparing the DAF distribution for SNPs within
and outside CNSs, using 10% as a frequency cutoff to sep-
arate rare from common SNPs as in Drake et al. (2006).

Estimating the Effects of Natural Selection

We estimated the selection coefficients operating on
CNSs using 2 independent methods (Piganeau and Eyre-
Walker 2003; Kryukov et al. 2005) and the proportion
of constrained sites and sites undergoing positive selection
in CNSs and non-CNSs using the methods of Halligan and
Keightley (2006) and Smith and Eyre-Walker (2002), re-
spectively. For the method of Kryukov et al. (2005), pos-
sible distributions of selection coefficients (s) were modeled
by a 5- and 10-column histogram containing bins represent-
ing a fraction of sites under a given selection coefficient and
where all bins together represent all sites within CNSs. For
the 5-bin histograms, columns corresponded to s equal to
�10�7, �10�6, �10�5, �10�4, and �10�3, and for the
10-bin histograms, columns corresponded to s equal to
�10�7.5, �10�7, �10�6.5, �10�6, �10�5.5, �10�5,
�10�4.5, �10�4, �10�3.5, and �10�3. We applied the
same theoretical measures as Kryukov et al. (2005), with
the exception that we used 10% as a frequency cutoff
to separate rare from common SNPs for the theoretical
value of the fraction of rare alleles. Furthermore, we did
not use any downweighting coefficient for this value when
calculating the measure of dissimilarity of the theoretical
values to the observed ones because we used high-quality
resequencing data.

Results
Data Sets and Definition of CNSs

We compiled 3 population genetic data sets of noncod-
ing regions on the X chromosome in D. melanogaster
(Glinka et al. 2003; Orengo and Aguade 2004; Ometto,
Glinka et al. 2005) using a modified version of the PDA
pipeline (Casillas and Barbadilla 2006). AFR is an African
sample from Lake Kariba, Zimbabwe; EUR1 is a European
sample from Leiden, The Netherlands; and EUR2 is another
European sample from Sant Sadurnı́ d’Anoia, Catalonia,
Spain. Each data set consists of ;12 independently sam-
pled alleles from ;100–250 noncoding regions each of
length ;500 bp and includes both intronic and intergenic
regions. Our automated pipeline employing the MUSCLE
multiple alignment tool (Edgar 2004) can obtain almost the
same results on a locus-by-locus basis as previously re-
ported estimates of nucleotide diversity and divergence
based on manually curated alignments, indicating that
our alignments are of high quality (Supplementary File
1, Supplementary Material online). Alignments of the
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noncoding regions analyzed in this study can be found at
http://www.bioinf.manchester.ac.uk/bergman.

After filtering exonic, low-complexity, and poor qual-
ity regions at the ends of alignments, we analyzed a total of
249 loci for the AFR sample (160 intronic and 89 inter-
genic, spanning a total of .124 Kb), 256 loci for the
EUR1 sample (166 intronic and 90 intergenic, spanning
a total of .134 Kb), and 101 loci for the EUR2 sample
(26 intronic and 75 intergenic, spanning a total of 83.5
Kb) (Table 1). Using an aligned reference sequence from
the D. melanogaster Release 4 genome assembly (http://
www.fruitfly.org/annot/release4.html), we partitioned non-
coding DNA into CNS and non-CNS regions using the
UCSC dm2 phastConsElements9way track (Hinrichs
et al. 2006), which identifies the most conserved regions
among 9 insect species (Siepel et al. 2005). On average,
;20–35% of each noncoding alignment is found in con-
served;3–5 CNSs per locus, each of;30–60 bp in length.
We note that highly conserved blocks detected by phast-
Cons permit indels to be included within them, and thus,
CNSs defined by this method are longer than those esti-
mated previously from ungapped blocks (Bergman and
Kreitman 2001).

Intergenic regions have a higher proportion of phast-
Cons CNSs relative to intronic regions, resulting from both
an increased number and length of CNSs relative to intronic
regions across all populations (Table 1). The AFR and
EUR1 samples are enriched for intronic loci, whereas the
EUR2 sample is enriched for intergenic loci, and therefore,
EUR2 contains a higher proportion of CNS sequences than
AFR or EUR1. Consistent with previous analyses of these
data that treat bulk noncoding sequences as a single class of

sites (Glinka et al. 2003; Ometto, Glinka et al. 2005), we find
that both CNS and non-CNS sites in the AFR data set are
more polymorphic than in EUR1 and EUR2, whereas the
EUR1 and EUR2 data sets are more diverged from D. sim-
ulans than loci in the AFR (Table 2). For both intergenic and
intronic regions, we found that CNS regions are slightly
more GC rich than non-CNS regions (Table 1).We also con-
firmed that intergenic regions are more GC rich overall than
intronic regions overall (Ometto et al. 2006), potentially be-
cause intergenic regions contain a higher proportion of GC-
rich CNSs relative to introns. Elevated GC content in slowly
evolving CNSs may explain the negative correlation be-
tween GC content and rate of evolution previously observed
in Drosophila intronic regions (Haddrill et al. 2005).

Sequence Variation in CNS and Non-CNS Regions

We computed standard measures of nucleotide varia-
tion within D. melanogaster as well as divergence between
D. melanogaster andD. simulans as shown in table 2. Table
2 also summarizes the numbers and density of SNPs, SNFs,
IPs, and IFs in each population by genomic compartment
(intronic vs. intergenic) and category of sites (CNS vs.
non-CNS). Detailed information for each locus is provided
in Supplementary File 2 (Supplementary Material online).
Preliminary analysis revealed that the density of SNPs is
;2-fold higher in alignment columns that are deleted in
the outgroup species in all 3 data sets (v2 test, P , 2 �
10�8; Supplementary File 4 (Supplementary Material on-
line), Control Test A, see also [Ometto et al. 2006]). Thus,
for the purposes of this study, we excluded all SNPs in IFs
to ensure that we are studying the orthologous set of

Table 1
Summary of Data Sets and Conserved Noncoding Sequences

AFR EUR1 EUR2

IT IG ALL IT IG ALL IT IG ALL

No. loci total 160 89 249 166 90 256 26 75 101
No. loci non-CNS 160 89 249 166 90 256 26 75 101
No. loci CNS 143 84 227 152 85 237 26 75 101

Average no. chromosome total 11.79 11.66 11.74 11.92 11.76 11.86 12.58 12.72 12.68
Average no. chromosome non-CNS 11.78 11.64 11.73 11.91 11.77 11.86 12.58 12.72 12.68
Average no. chromosome CNS 11.80 11.68 11.76 11.92 11.75 11.86 12.58 12.72 12.68

No. aligned sitesa total 75,652 48,438 124,090 82,463 51,663 134,126 21,481 62,019 83,500
No. aligned sitesa non-CNS 60,039 32,208 92,247 65,257 34,337 99,594 14,779 39,115 53,894
No. aligned sitesa CNS 15,613 16,230 31,843 17,206 17,326 34,532 6702 22,904 29,606

No. ungapped sitesb total 67,139 42,695 109,834 74,514 46,082 120,596 19,557 56,736 76,293
No. ungapped sitesb non-CNS 52,068 27,108 79,176 57,858 29,449 87,307 13,065 34,508 47,573
No. ungapped sitesb CNS 15,071 15,587 30,658 16,656 16,633 33,289 6492 22,228 28,720

Average GC contentc total 38.33 42.15 39.80 38.24 42.25 39.76 40.69 42.66 42.16
Average GC contentc non-CNS 37.57 41.55 38.92 37.48 41.60 38.86 39.48 41.95 41.28
Average GC contentc CNS 40.98 43.18 42.09 40.87 43.40 42.13 43.09 43.75 43.60

Average no. of CNS/locus 2.73 3.40 2.96 2.89 3.61 3.14 4.65 5.09 4.98
Average CNS length (bp) 34.2 53.6 42.0 34.4 53.3 41.9 55.4 60.0 58.9
Average % CNSd 20.6 33.5 25.7 20.9 33.5 25.7 31.2 36.9 35.5
Average % CNS, ungappede 22.4 36.5 27.9 22.4 36.1 27.6 33.2 39.2 37.6

NOTE.—Values for all 3 populations are given for introns (IT), intergenic (IG), and all noncoding (ALL) regions.
a Total number of aligned sites (gapped þ ungapped).
b Total number of ungapped sites (ungapped in polymorphism and divergence).
c Averages weighted by the number of chromosomes sampled and the number of analyzed sites (ungapped in polymorphism and divergence).
d Calculated using the total number of aligned sites (gapped þ ungapped).
e Calculated using the total number of ungapped sites (ungapped in polymorphism and divergence).
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nucleotides when estimating polymorphism and divergence
in point mutations. Accordingly, densities of point muta-
tions (either SNPs or SNFs) were calculated as the number
of point mutations per ungapped site, whereas densities of
indels (either IPs or IFs) were calculated as the number of
indels per aligned site (Table 2).

As expected under both the mutational cold spot and
functional constraint hypotheses, we found reduced poly-
morphism (p) and divergence (K) (Nei 1987) in CNS com-
pared with non-CNS regions in all 3 data sets in both
intronic and intergenic regions (Table 2). Densities of both
point and indel variation were reduced in CNS compared
with non-CNS regions, and this reduction was higher for
point mutations relative to indels and stronger in intergenic
regions relative to introns (Table 2). These results alone
cannot differentiate between the mutational cold spot and
functional constraint hypotheses because both predict a
reduction in polymorphism and divergence in CNSs.
However, evidence for differential selective constraints op-
erating on CNS and non-CNS regions can be found in the
facts that CNSs exhibit a more negative Tajima’sD (Tajima

1989) (Table 2) and a stronger reduction of divergence
relative to polymorphism (;60% in SNPs vs. ;80% in
SNFs; ;50% in IPs vs. ;70% in IFs) (Table 2). Although
the magnitude of the reduction of variation in CNSs relative
to non-CNS regions is dependent on our use of the phast-
Cons blocks to define CNSs, alternative definitions of CNS
provide similar results (see Materials and Methods for de-
tails). We note that the systematic reduction in variation
specifically observed in CNSs cannot be explained by se-
quencing error in the population samples because the same
sequencing strategies were applied to both CNS and non-
CNS regions.

CNSs Are Selectively Constrained

To test whether the ratios of polymorphism (SNPs) to
divergence (SNFs) differ significantly in CNS and non-
CNS regions, we applied a modified MK test to point mu-
tations in CNS and non-CNS regions. Separate tests were
performed for all 3 data sets and for intronic and intergenic
regions (Fig. 1). We present results here for all fragments

Table 2
Summary of Polymorphism and Divergence in CNS and Non-CNS Regions

AFR EUR1 EUR2

IT IG ALL IT IG ALL IT IG ALL

pa Total 0.012 0.011 0.011 0.005 0.005 0.005 0.005 0.004 0.004
pa non-CNS 0.014 0.015 0.014 0.006 0.007 0.006 0.007 0.005 0.006
pa CNS 0.004 0.003 0.004 0.002 0.002 0.002 0.002 0.002 0.002

Ka Total 0.053 0.045 0.050 0.061 0.054 0.058 0.057 0.049 0.051
Ka non-CNS 0.064 0.065 0.064 0.074 0.078 0.075 0.077 0.072 0.074
Ka CNS 0.015 0.010 0.012 0.017 0.011 0.014 0.018 0.012 0.013

Tajima’s Da Total �0.525 �0.694 �0.590 �0.061 0.019 �0.031 0.123 �0.117 �0.056
Tajima’s Da non-CNS �0.527 �0.572 �0.542 �0.073 0.157 0.004 0.108 0.003 0.032
Tajima’s Da CNS �0.517 �0.905 �0.714 �0.019 �0.225 �0.121 0.154 �0.304 �0.200

No. SNP total 2337 1434 3771 980 606 1586 271 595 866
No. SNP non-CNS 2121 1213 3334 871 516 1387 230 470 700
No. SNP CNS 216 221 437 109 90 199 41 125 166

SNP densityb total 0.035 0.034 0.034 0.013 0.013 0.013 0.014 0.01 0.011
SNP densityb non-CNS 0.041 0.045 0.042 0.015 0.018 0.016 0.018 0.014 0.015
SNP densityb CNS 0.014 0.014 0.014 0.007 0.005 0.006 0.006 0.006 0.006

No. SNF total 3380 1848 5228 4312 2361 6673 1061 2629 3690
No. SNF non-CNS 3166 1688 4854 4042 2175 6217 948 2366 3314
No. SNF CNS 214 160 374 270 186 456 113 263 376

SNF densityb total 0.050 0.043 0.048 0.058 0.051 0.055 0.054 0.046 0.048
SNF densityb non-CNS 0.061 0.062 0.061 0.07 0.074 0.071 0.073 0.069 0.07
SNF densityb CNS 0.014 0.010 0.012 0.016 0.011 0.014 0.017 0.012 0.013

No. IP total 287 159 446 157 78 235 36 94 130
No. IP non-CNS 253 127 380 136 64 200 29 78 107
No. IP CNS 34 32 66 21 14 35 7 16 23

IP densityc total 0.004 0.003 0.004 0.002 0.002 0.002 0.002 0.002 0.002
IP densityc non-CNS 0.004 0.004 0.004 0.002 0.002 0.002 0.002 0.002 0.002
IP densityc CNS 0.002 0.002 0.002 0.001 0.001 0.001 0.001 0.001 0.001

No. IF total 690 318 1008 849 412 1261 210 501 711
No. IF non-CNS 626 275 901 782 358 1140 174 437 611
No. IF CNS 64 43 107 67 54 121 36 64 100

IF densityc total 0.009 0.007 0.008 0.01 0.008 0.009 0.01 0.008 0.009
IF densityc non-CNS 0.010 0.009 0.010 0.012 0.01 0.011 0.012 0.011 0.011
IF densityc CNS 0.004 0.003 0.003 0.004 0.003 0.004 0.005 0.003 0.003

NOTE.—Values for all 3 populations are given for introns (IT), intergenic (IG), and all noncoding (ALL) regions.
a Averages weighted by the number of chromosomes sampled and the number of analyzed sites.
b Calculated using the total number of ungapped sites (ungapped in polymorphism and divergence).
c Calculated using the total number of aligned sites (gapped þ ungapped).
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available on the X-chromosome, which did not differ from
analyses using only noncoding sequences from regions of
high recombination as defined in Andolfatto (2005) (results
not shown). For point mutations (Fig. 1A–C), we observed
very strong deviations from the null hypothesis (v2 tests; all
P , 10�5) with a significant excess of polymorphisms rel-
ative to fixed differences in CNSs in all cases but on one
with the least amount of data (intronic regions in the
EUR2 sample, which exhibit the same trend). One can sum-
marize an entire MK table as a ratio of ratios termed the
neutrality index (Rand and Kann 1996) which is defined
as NI 5 (SNPCNS/SNPnon-CNS)/(SNFCNS/SNFnon-CNS). As-
suming the ratio of polymorphism to divergence in non-
CNS regions is closer to that expected under neutrality than
in CNS regions, the NI attempts to quantify whether the
levels of divergence in CNSs are too low (NI . 1) or
too high (NI , 1) relative to levels of polymorphism. In
all data sets, we observe NI. 1 overall and in both intronic
and intergenic regions, although NI for intergenic regions is
greater than NI for intronic regions, indicating that pointmu-
tations in intergenic CNSs are less likely to fix relative to
those in intronic CNS. These results reject the mutational
cold spot model to explain the mode of CNS evolution in
intronic and intergenic regions and support the interpretation
that a significant proportion of new point mutations in CNSs
are deleterious and do not contribute to divergence between

species. It is important to emphasize that under the null hy-
pothesis, the definition of CNS and non-CNS regions does
not affect the predictions of equal ratios of polymorphism
and divergence in both categories of sites.However, because
CNSs are defined a priori by low divergence, our test is bi-
ased against detecting excess divergence, and thus, this anal-
ysis does not eliminate the action of positive selection on
CNSs.

Evidence for functional constraint acting on CNSs can
also be found in differences between the DAF spectra for
CNS and non-CNS regions (Keightley, Kryukov et al.
2005; Drake et al. 2006). We observed a highly significant
excess of low-frequency derived alleles for SNPs within
CNSs relative to non-CNS regions in all 3 populations
(Fig. 2A–C). For example, in the AFR population, 63%
of SNPs inside CNSs are singletons, compared with only
46% of SNPs outside CNSs (v2 test 5 47.5, df 5 1,
P, 5.45 � 10�12). When data are partitioned into intronic
and intergenic regions, all tests show a significant excess of
low-frequency SNPs in CNSs relative to non-CNSs for all
data sets, except for intronic regions in EUR2, which has
the least amount of data (Supplementary File 3, Supplemen-
tary Material online, panels A–F). The excess of rare alleles
in CNSs was more prominent for intergenic than intronic
SNPs, consistent with the results of the MK test which in-
dicate that fewer SNPs in intergenic CNSs go to fixation.

FIG. 1.—Ratios of polymorphism to divergence for CNS and non-CNS sites for both point mutations and indels in the AFR, EUR1, and EUR2 data
sets. Dark gray and light gray bars represent data for CNSs and non-CNS regions, respectively. CNS/non-CNS ratios for polymorphism and divergence
are summarized by the neutrality index as NI 5 (SNPCNS/SNPnon-CNS)/(SNFCNS/SNFnon-CNS), and P values are computed using a v2 test of
independence.
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Similar results were obtained by testing for differences in
the unpolarized minor allele frequency spectrum between
CNS and non-CNS regions (results not shown), indicating
that differences in the polarized DAF spectrum between
these classes of sites are not strongly influenced by misin-
ference of ancestral states (Hernandez et al. 2007). Overall,
we find a strong signal that SNPs in CNS regions are spe-
cifically maintained at low frequency relative to SNPs in
non-CNS regions, a finding which is inconsistent with
the mutational cold spot hypothesis but is compatible with
the presence of deleterious SNPs segregating at low fre-
quency in functionally constrained CNSs.

One difficulty that arises from using non-CNS regions
to detect purifying selection on CNSs is the fact that base
composition differs in these 2 categories of sites (Table 1)
(Drake et al. 2006). For example, recent changes in muta-
tion biases could mimic the signature of selective differen-
ces between CNS and non-CNS regions and affect the tests
of neutrality used here (Eyre-Walker 1997). In particular,
a recent increase in the rate of G:C/A:T mutation has re-
cently been suggested to explain nonequilibrium patterns of
base composition evolution in D. melanogaster introns and
intergenic regions (Kern and Begun 2005; Ometto et al.
2006) and may potentially cause an excess of SNPs in
CNSs relative to non-CNS regions that would be restricted
to low population frequency. Under this model of a recent
increase in the rate of G:C/A:T mutation, differences in
base composition between CNS and non-CNS regions can-
not explain the reduction in polymorphism and divergence
in CNSs because CNSs are more GC rich than non-CNS
regions and G:C/A:T mutations occur at a higher rate
than A:T/G:C mutations. Nevertheless, to control for
any potential effects of biased mutation patterns that result
from differences in base composition between CNS and
non-CNS regions, we performed DAF tests for G:C/A:T
and A:T/G:C mutations separately. We found an excess
of rare alleles in CNSs when both G:C/A:Tmutations and
A:T/G:C mutations were considered separately in all
samples except for A:T/G:C mutations in the EUR2 sam-
ple, which had the least amount of data but still shows the
same trend (Supplementary File 4, Supplementary Material
online, Control Test B). Thus, we can detect evidence for
purifying selection on CNSs even when potential changes
in base composition are controlled for, indicating that a re-
cent increase in G:C/A:T mutation rate is unlikely to con-
found the conclusion that CNSs are selectively constrained.
Moreover, if our interpretation that CNSs are constrained is
correct, we suggest that the excess of low-frequency
G:C/A:T mutations and other aspects of non-equilibrium
base composition evolution in Drosophila may in fact be
a consequence of the preservation of functional GC nucleo-
tides in noncoding DNA by purifying selection, rather than
evidence for a change in mutation rate or biased segregation
as suggested previously (Kern and Begun 2005; Galtier
et al. 2006; Ometto et al. 2006).

We also investigated 2 possible alternatives for the
striking differences we observed between CNS and non-
CNS regions that might result from alignment error. The first
possibility is that indels may create low-quality regions of
multiple alignments, causing SNPs and SNFs to accumulate
in the vicinity of gaps and that the differences we observe in

point mutations may be a byproduct of differences in indel
rates between CNS and non-CNS regions. To control for this
possibility, we repeated our analyses excluding CNS and
non-CNS regions that contain indels (Supplementary File
4, Supplementary Material online, Control Test C). All
MK tests remained highly significant when all regions with
either IPs or IFs were excluded. Likewise, all DAF tests re-
mained highly significant when regions with IPs were ex-
cluded. We also explored a related source indel-associated
alignment error that might result from 2 indels of exactly
the same length in essentially the same position of a single
sequence, one an insertion and one a deletion. Two such in-
dels may collapse in the alignment and thus result in a run of
consecutive substitutions. Consecutive SNPs or SNFs may
also occur through complex mutational events that replace
more than a single nucleotide (Averof et al. 2000; Haag-
Liautard et al. 2007). We repeated our analyses excluding
consecutive SNPs or SNFs (all SNPs followed
or preceded by another SNP in the alignment or all SNFs
followed or preceded by another SNF; Supplementary File 4,
Supplementary Material online, Control Test D). All tests
remained highly significant, showing no evidence of this
type of alignment error. These results demonstrate that in-
del-associated misaligment cannot explain the differences
in point mutations between CNS and non-CNS regions.

Indels themselves, in contrast to point mutations, show
less striking differences in the ratios of polymorphism to
divergence in CNSs relative to non-CNS regions (Fig.
1D–F). In contrast to previous analysis of indels in an
MK framework that contrast SNPs in silent sites with either
insertions or deletions in introns (Presgraves 2006), here we
directly contrast levels of polymorphism and divergence for
all indels in CNSs to all indels in non-CNS regions. The NI
values we observe for indels are still above 1, consistent
with purifying selection on indels in CNS regions but
are always lower than the corresponding values for SNPs.
MK tests are only significant for the combined intronic plus
intergenic regions in the 2 larger data sets (AFR and EUR1)
and intronic regions in EUR1. Likewise, we observed no
strong differences within species in the DAF spectra be-
tween indels in CNS and non-CNS regions, with nonsignif-
icant DAF tests for all populations overall (Fig. 2D–F) and
for intronic and intergenic regions separately (Supplemen-
tary File 3, Supplementary Material online, panels G–L).
We note that potential differences in CNS and non-CNS
regions are not diluted or obscured by a high rate of indels
due to simple slippage because low-complexity repeat re-
gions were filtered from the data.

Because there are 8-fold fewer IPs than SNPs and 5-
fold fewer IFs than SNFs in our data set, the lack of strong
differences in CNS and non-CNS regions for indels may
simply result from low power to reject the null hypothesis.
We tested if differences as strong as those observed for
point mutations could also be observed in the smaller sam-
ple of indels by rescaling the point mutation data (which
show significant results) to the sample sizes observed for
indels and repeated the MK and DAF tests (Supplementary
File 4, Supplementary Material online, Control Test E).
Specifically, numbers of SNPs and SNFs were reduced
to the numbers of observed IPs and IFs, while maintaining
the observed ratio of SNPs to SNFs in contingency tables of
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FIG. 2.—DAF distributions for polymorphic point mutations and indels in the AFR, EUR1, and EUR2 data sets. Dark gray and light gray bars represent data for all SNPs/IPs within CNSs and non-CNS
regions, respectively. Reported P values are for 2-sample Komogorov–Smirnov tests.
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the MK tests or the frequency bins of the DAF distributions.
MK tests and DAF tests using rescaled point mutation data
sets for combined intronic and intergenic were still highly
significant in all 3 populations (P , 0.01). Assuming the
same degree of purifying selection is acting on point muta-
tions and indels, it is unlikely that low power is the main
cause of the lack of significance for indels in MK and DAF
tests between CNS and non-CNS regions. Given the fact
that we find strong evidence that CNSs are constrained
for point substitutions, we do not interpret these results
as support for an indel cold spot hypothesis to explain
the mode of CNS evolution. Rather, we interpret the lack
of strong differences in indel evolution between CNS and
non-CNS regions as evidence for spatial constraints acting
on both CNS and non-CNS sequences (see Discussion).

Estimating the Effects of Deleterious
Mutations on CNSs

Deleterious alleles that are not immediately purged by
natural selection are expected to be maintained at low fre-
quencies and not go to fixation in natural populations. The
results that CNSs show a significant excess of polymor-
phism to divergence and an enrichment of low-frequency
alleles indicate that CNSs do indeed harbor more deleteri-
ous SNPs relative to the non-CNS spacer sequences be-
tween them. Can we infer at what frequency deleterious
SNPs in CNSs are segregating or the magnitude of fitness
effects acting on SNPs in CNS regions? To address these
questions, we restricted our analysis to the AFR data set,
which is taken from a population of D. melanogaster that
is assumed to be closest to ancestral conditions (Glinka
et al. 2003; Thornton and Andolfatto 2006) and for which
we have the largest sample of polymorphism to estimate
properties of deleterious alleles in CNSs.

We found evidence that deleterious SNPs were re-
stricted almost exclusively to the singleton class in the
AFR data set by an analysis of the effects of removing sin-
gletons on the results of the MK test. This procedure has
been used in tests for positive selection assuming that if del-
eterious mutations are restricted to sites with low popula-
tion frequencies, derived alleles present only once in the
sample should preferentially be enriched for deleterious
mutations (Fay et al. 2002; Andolfatto 2005). In all cases,
NIs remained greater than one after the removal of singleton
SNPs but decreased relative to values for the total data set
(Supplementary File 4, Supplementary Material online,
Control Test F). For introns, intergenic regions and the
combined data set, the resulting MK tests yielded nonsig-
nificant differences in the ratio of nonsingleton polymor-
phism to divergence ratio, suggesting that common SNPs
in CNSs in the AFR data set are effectively neutral. This
result indicates that virtually all signals of deleterious al-
leles segregating in CNSs are restricted to rare SNPs. In
addition, this result also indicates that there is no evidence
for positive selection acting on CNSs, even when the con-
founding effects of purifying selection are taken into con-
sideration (see Discussion).We note that similar tests on the
EUR1 and EUR2 populations yielded NI . 1 which re-
mained significant in the absence of singletons, suggesting
that purifying selection may be acting even among com-

mon SNPs in these data sets (Supplementary File 4, Sup-
plementary Material online, Control Test F). Further
evidence that SNPs are restricted to low frequency can
be found in the ratio of SNPs in CNSs relative to non-CNSs
at different derived allele frequencies. We find that in the
AFR population, the SNPCNS/SNPnon-CNS ratio is signifi-
cantly heterogeneous across all 10 DAF classes (v2 test;
P , 4.17 � 10�9), consistent with categorical differences
in the complete DAF spectra shown above. However,
when low-frequency SNPs are removed, the remaining 9
DAF classes show no significant heterogeneity in their
SNPCNS/SNPnon-CNS ratio (P . 0.07). This result indicates
that common SNPs in CNS and non-CNS regions have
similar DAF spectra and that the majority of deleterious
SNPs in CNSs are restricted to a DAF of less than 10%
in the population samples.

To quantify the observed differences in selective pres-
sure acting on CNSs relative to non-CNS regions, we es-
timated the distribution of selection coefficients in these
regions using an exhaustive computational search method
developed by Kryukov et al. (2005) (see Materials and
Methods). Unlike other methods to estimate selection coef-
ficients from population genetic data, no explicit distribu-
tion of selection coefficients is assumed by this method.
Rather, distributions of selection coefficients (s) are mod-
eled by histograms, where bins represent the fraction of
sites under a given selection coefficient. All possible distri-
butions are enumerated under a model of weakly deleteri-
ous evolution, and the fit of the data is evaluated for each
possible distribution. Assuming an effective population size
(Ne) for D. melanogaster of 10

6 (Kreitman 1983), our re-
sults indicate that best fit of the data is to a distribution
where 80–85% of sites in CNSs are subject to weak puri-
fying selection (s ; 10�5) and the remaining 15–20% of
CNS sites are effectively neutral (s ; 10�7). Likewise, us-
ing the method of Piganeau and Eyre-Walker (2003), which
assumes an underlying gamma distribution of selection co-
efficients, we obtain an average strength of selection on
CNSs of Nes 5 30.7 (95% confidence interval: 13–117)
with a shape parameter of b5 0.31 (95% confidence inter-
val: 0.22–0.42). These results indicate that purifying selec-
tion on Drosophila CNSs exceeds the boundaries of nearly
neutral evolution. However, the strength of purifying selec-
tion for bulk noncoding DNA in Drosophila may be on the
boundaries of nearly neutral evolution because non-CNS
regions are more abundant but less constrained than
CNS regions. Thus, the evolution ofDrosophila noncoding
DNA in general may be sensitive to changes in Ne, both
across time through changes in census population size
(Keightley, Kryukov et al. 2005; Keightley, Lercher, and
Eyre-Walker 2005) or across the genome such as in regions
of reduced recombination (Haddrill et al. 2007). Our results
also indicate that purifying selection is stronger (Chen et al.
2007) and affects more sites (Kryukov et al. 2005) in Dro-
sophila CNSs than for mammalian CNSs.

Discussion

The major conclusion of this work is that highly CNSs
inDrosophila are maintained by purifying selection and are
not simply regions of the genome with extremely low
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mutation rate as predicted by the mutation cold spot hypoth-
esis. In addition, we find that the strength of purifying se-
lection acting to maintain CNSs is moderately strong, with
most nucleotides in CNSs being preserved by selection co-
efficients 10- to 100-fold greater than the reciprocal of the
effective population size. The conclusion that Drosophila
CNSs are maintained by purifying selection supports pre-
vious analyses that have made this assumption based on re-
duced rates of molecular evolution (Bergman and Kreitman
2001; Siepel et al. 2005; Halligan and Keightley 2006).
Specifically, our results support the UCSC phastCons
highly conserved track (Siepel et al. 2005) as being able
to identify selectively constrained regions of the D. mela-
nogaster genome. These findings in Drosophila closely
parallel those recently found for mammalian CNSs and pre-
dicted micro-RNA binding sites using population genetic
data from human SNP studies (Keightley, Kryukov et al.
2005; Kryukov et al. 2005; Chen and Rajewsky 2006;
Drake et al. 2006; Chen et al. 2007). Thus, purifying selec-
tion may be a general force acting to maintain highly CNSs
in metazoan genomes. As no population genomic evidence
(or molecular mechanism) has yet been put forth to support
the mutation cold spot hypothesis, similar results in dispa-
rate organisms such as flies and mammals (together with the
nonrandom spacing of CNSs in flies and worms [Bergman
et al. 2002; Webb et al. 2002]) argue against the general
likelihood that CNSs will be shown to be mutational cold
spots in any organism. Further studies in disparate taxa in-
cluding plants and other metazoans will be necessary to
confirm the generality of this conclusion.

Selective constraint on CNSs is consistent with the
large body of evidence from experimental studies that
highly CNSs in Drosophila are often associated with reg-
ulatory function, such as cis-regulatory elements or noncod-
ing RNAs (Bergman et al. 2002; Enright et al. 2003; Lai
et al. 2003; Costas et al. 2004). Furthermore, several facts
reported over the last decade collectively point to wide-
spread selective constraint operating on Drosophila non-
coding DNA. First, unconstrained noncoding DNA is
quickly deleted from the Drosophila genome (Petrov
et al. 1996; Petrov and Hartl 1998). This process is pre-
dicted to purge the fly genome of ‘‘junk’’ DNA, making
nonfunctional sequence-like pseudogenes rare (Petrov
et al. 1996; Harrison et al. 2003) and enriching noncoding
DNA that remains in the genome for functional elements.
Second, genes with complex transcriptional regulation have
longer flanking intergenic regions (Nelson et al. 2004), sug-
gesting that the mere presence of noncoding DNA in Dro-
sophila may imply function. Third, for both intronic and
intergenic DNA, the rate of molecular evolution between
closely related Drosophila species decreases with increas-
ing noncoding sequence length (Haddrill et al. 2005; Hal-
ligan and Keightley 2006), consistent with the
interpretation that long noncoding regions may have in-
creased functional constraints. Fifth, long introns have
a higher proportion of CNS sequences and genes with
CNSs in their introns have more complex regulation (Petit
et al. 2007). Finally, adaptive substitutions may be com-
monplace in both intronic and intergenic regions (Andolfat-
to 2005), which can only occur if the density of functional
nucleotide sites in noncoding DNA is high.

Given that constraints on noncoding sequences are
widespread in Drosophila, and the possibility that adaptive
substitution occurs in noncoding DNA, it is worth consid-
ering whether flanking non-CNSs are appropriate control
sequences to detect selection on CNSs. Halligan and
Keightley (2006) report a method to measure constraints
on regions of genomic DNA as the reduction in the rate
of substitution relative to that expected based on putatively
unconstrained sequences, such as 4-fold degenerate silent
sites. Despite widespread evidence for weak selection on
silent sites in Drosophila (Shields et al. 1988; Akashi
1995), we applied this method to evaluate if stronger pri-
mary sequence constraints act on non-CNS regions relative
to 4-fold silent sites, and, if so, what effect this may have on
our conclusion that CNSs are selectively constrained and
not mutational cold spots. As shown in table 3, we find that
non-CNS regions exhibit an ;20% reduced rate of se-
quence evolution relative to 4-fold silent sites, indicating
that primary sequence constraints act on non-CNS regions.
Levels of constraint on CNSs are estimated to be;85% by
the Halligan and Keightley (2006) method (consistent with
results above using the Kryukov et al. (2005) method), and
thus, we infer that selective constraints operating on non-
CNS regions affect ;4 times fewer sites than in CNS re-
gions. Constraints on non-CNS regions are perhaps not
surprising because even the most rigorous definition of
CNSs (Siepel et al. 2005) is unlikely to capture all function-
ally constrained noncoding DNA, especially those which
arise through lineage-specific gain-of-function events. Nev-
ertheless, as constraints on non-CNS regions would only
tend to obscure differences between CNS and non-CNS cat-
egories by making their patterns of evolution more similar,
our conclusion that CNSs are selective constrained is con-
servative with respect to the null hypothesis that they are
mutational cold spots. However, by using non-CNS regions
as putatively unconstrained control sequences, the propor-
tion of sites under constraint in CNSs and the magnitude of
their selective effects are likely to be underestimated in our
analysis.

Conversely, if adaptive substitutions preferentially oc-
cur in non-CNS regions, it may be possible that the rate of
substitution in non-CNS regions is elevated relative to the
unconstrained neutral substitution rate, which could cause
us spuriously to reject the mutational cold spot hypothesis.
To evaluate if any signature of adaptive substitution is de-
tected in our data set, we conducted MK tests on CNS and
non-CNS regions as selected classes of sites using 4-fold
silent sites as putatively unconstrained controls. For these
analyses, we reprocessed the sequence data reported in
Andolfatto (2005) using PDA to extract SNPs and SNFs
for 4-fold degenerate silent sites only. As is observed using
sites from linked non-CNS regions above (Fig. 1), the NI
for CNSs remains significantly greater than one when using
partially linked 4-fold silent sites as controls (Table 3). As
before, when we removed singletons to reduce the con-
founding effects of deleterious mutations present in low-
frequency alleles, we found no departure from neutral
expectations between CNS and 4-fold silent sites (Table
3). Additionally, SNPs in CNSs are more skewed to lower
frequencies than the SNPs in 4-fold silent sites (Supplemen-
tary File 5, Supplementary Material online) as has been
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shown recently for bulk noncoding DNA in D. melano-
gaster (Andolfatto 2005; Mustonen and Lassig 2007) and
Drosophila miranda (Bachtrog and Andolfatto 2006).
These results confirm our main claims that CNSs are selec-
tively constrained with deleterious SNPs restricted to low
frequencies and clearly demonstrate that the conclusion that
CNSs are functionally constrained does not depend on our
use of linked non-CNS regions as controls.

Intriguingly, we find evidence for positive selection in
non-CNS regions when 4-fold silent sites are used as un-
constrained controls, both when all sites are used or when
singletons are removed (Table 3). The same trends are ob-
served when CNS and non-CNS regions are pooled into
bulk noncoding DNA, as in Andolfatto (2005). Thus, we
confirm the results of Andolfatto (2005) for the putative sig-
nature of adaptive substitution on noncoding DNA when
4-fold silent sites are used as controls, even despite dif-
ferences in methods of estimating polymorphism and
divergence. Somewhat counterintuitively, perhaps, the
signature of adaptive substitution in Drosophila noncoding
DNA does not appear to occur in CNSs, which might be
expected to contain the functional elements that are targets
for positive selection. Conversely, the signal of excess sub-
stitution in bulk noncoding DNA relative to silent sites ap-
pears to be restricted to the non-CNS regions that are
divergent among other insect species. Using the method
of Smith and Eyre-Walker (2002), we estimate that
;18% of substitutions in non-CNS regions are driven to
fixation by positive selection relative to neutral expecta-
tions (Table 3), which is compatible with previous esti-
mates for bulk noncoding DNA (Andolfatto 2005).
Selective constraints on CNSs coupled with the signature
of adaptive substitution in non-CNS regions might be ex-
pected under the model of stabilizing selection proposed by
Ludwig et al. (2000) for the even-skipped stripe 2 enhancer,
whereby loss of ancestral transcription factor binding sites
in CNS regions may lead to compensatory adaptive fixa-
tions of lineage-specific binding sites in non-CNS regions
(e.g., bcd-3) that restore cis-regulatory function.

In summary, using 4-fold silent sites as another class
of putatively unconstrained neutrally evolving sequences,
we find evidence that both constraint and adaptation influ-
ence rates of substitution in non-CNS regions. Assuming
additive influences of these 2 opposing forces (Andolfatto
2005; Halligan and Keightley 2006), we find that the esti-
mated proportion of mutations purged by purifying selec-
tion in non-CNS regions (C ;18%) is approximately the
same as the estimated proportion of substitutions that have
been driven to fixation by positive selection (a;17%). As-

suming no adaptive evolution in CNS regions, these results
also imply that the proportion of functionally relevant nu-
cleotides in non-CNS regions is FRN 5 C þ (1 � C)a �
33%, or ;2.5-fold less than the proportion of functional
sites in CNS regions (85%). Thus, given that the majority
of Drosophila noncoding DNA is found in non-CNS re-
gions (65–80%, Table 1), the number of functional sites
in CNS and non-CNS regions is approximately equivalent.
Although less densely packed than in CNS regions, the
greater number of functional sites in non-CNS regions cou-
pled with their relaxed selective constraints may explain
why these regions appear to be the most likely targets
for positive selection in noncoding DNA. Further work will
be necessary to determine if (and how) the distribution of
positive and negative selection coefficients acting on poly-
morphisms in non-CNS regions affects their utility in test-
ing the mutational cold spot hypothesis. Likewise, the
influence of alternative CNS definitions on quantitative es-
timates of constraint and adaptation in CNS and non-CNS
regions needs to be investigated further. Nevertheless, the
direct result for a significant constraint and skew toward
rare alleles in CNSs using 4-fold silent sites as controls
(see above) indicates that our main claim that CNSs are se-
lectively constrained and not mutational cold spots is un-
affected by the potentially confounding effects of either
constraint or adaptive substitution in non-CNS regions.

Selective constraints may also operate on the length of
noncoding DNA as well as on primary sequence. This pos-
sibility may explain why differences in the ratio of polymor-
phism to divergence or DAF spectrum between CNS and
non-CNS regions are not as strong for indels as they are
for point mutations, assuming that spatial constraints act
on both CNS and non-CNS regions. Mechanistically, this
might be expected to occur if CNSs represent the constraints
imposed by transcription factor binding sites that could be
disrupted by both point and indel mutations, whereas non-
CNS regions that act to position neighboring binding sites
would be affected only by indel mutations (Ondek et al.
1988). Spatial constraints have been argued previously in
Drosophila noncoding DNA based on the non-random dis-
tribution of CNSs and the strong correlation in the length be-
tweenneighboringCNSs across divergent species (Bergman
et al. 2002). Ometto, Stephan, and De Lorenzo et al. (2005)
have also argued for spatial constraints acting within
Drosophila noncoding DNA based on the ratio of insertions
to deletions and the size distribution of deletions segregating
in natural populations. More recently, Lunter et al. (2006)
have inferred that spatial constraints act on human noncod-
ing DNA based on the distribution of indel positions in

Table 3
Summary of Constraint and Adaptation (a) on CNS and Non-CNS Regions Relative to 4-fold Degenerate Silent Sites in
AFR Data Set

Constraint a

All polymorphisms Excluding singletons

NI P NI P

CNS vs. 4-fold silent 0.84525 �0.40214 1.402 0.00216 0.782 0.07567
Non-CNS vs. 4-fold silent 0.18360 0.17577 0.824 0.02623 0.684 0.00012
CNS þ non-CNS vs. 4-fold silent 0.36616 0.13443 0.866 0.09808 0.691 0.00017

NOTE.—The reported a is based on all polymorphisms including singletons. CNS/non-CNS ratios for polymorphism and divergence are summarized by the neutrality index

as NI5 (SNPCNS/SNPnon-CNS)/(SNFCNS/SNFnon-CNS), andP values are computed using a v2 test of independence. Tests are performed both including and excluding singletons.
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alignments with other mammalian species, and Sun et al.
(2006) have argued for spatial constraints between neighbor-
ing vertebrate ultraconserved regions. A lack of strong dif-
ferences in indel evolution between CNS and non-CNS
regions may alternatively arise because of technical reasons
such as the fact that phastCons permits indels in CNSs, blur-
ring real differences in the pattern of indel evolution between
these categories. Another possible explanation is that CNSs
are mutation cold spots for indels, although this seems un-
likely ifCNSs are selectively constrained for pointmutations
aswe argue here. If selective constraints are indeed operating
on indels in both CNS and non-CNS regions, the lack of
strong differences in the ratio of polymorphism to diver-
gence or DAF spectrum suggests that the strength of selec-
tion against indels in noncoding DNAmay be stronger than
for point mutations because only relatively weak purifying
selection allows an accumulation of low-frequency variants
in nature (as is observed for SNPs). Future progress in de-
tecting evidence for spatial constraints and quantifying
the mode and strength of selection acting on both indels
and point mutations in noncoding DNA will shed light on
the functions encoded in this most abundant, yet least ex-
plored, territory of metazoan genomes.

Supplementary Material

Supplementary Files 1–5 are available at Molecular
Biology and Evolution online (http://www.mbe.
oxfordjournals.org/).
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