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Abstract. We report a significant negative correla-
tion between nonsynonymous polymorphism and
intron length in Drosophila melanogaster. This cor-
relation is similar to that between protein divergence
and intron length previously reported in Drosophila.
We show that the relationship can be explained by
the content of conserved noncoding sequences (CNS)
within introns. In addition, genes with a high regu-
latory complexity and many genetic interactions also
exhibit larger amounts of CNS within their introns
and lower values of nonsynonymous polymorphism.
The present study provides relevant evidence on the
importance of intron content and expression patterns
on the levels of coding polymorphism.
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Introduction

The growing amount of annotated genomic se-
quences allows the study of patterns of covariation
between different functional regions of the genome.
Recent work is addressing the evolutionary and
functional relationship between noncoding and cod-

ing sequences within a gene and the mediator role
that gene expression could play in this relationship.
Castillo-Davis et al. (2004) analyzed a set of orthol-
ogous genes of Caenorhabditis elegans and C. brigg-
sae and found that nucleotide divergence is coupled
between coding and cis-regulatory sequences, that is,
less divergent proteins exhibit lower rates of cis-reg-
ulatory evolution. Cis-regulatory sequences were
identified by looking for shared motifs (regions of
high local similarity) in regions upstream of homol-
ogous genes. Likewise, Marais et al. (2005) observed
a negative correlation between protein evolution,
measured as nonsynonymous divergence, and intron
length when comparing orthologous genes of Dro-
sophila melanogaster and D. yakuba. They suggest
that genes coding for proteins under strong selective
constraint also have more cis-regulatory elements
(within introns). This relationship between coding
evolution and intron length might be mediated by
gene expression level or regulatory complexity. On
the one hand, protein evolution is associated with
gene expression: negatively with the breadth in
mammals (Duret and Mouchiroud 2000) and the
levels in several species (Akashi 2001; Pál et al. 2001;
Zhang and Li 2004; Rocha and Danchin 2004; Ma-
rais et al. 2004; Drummond et al. 2006) and positively
with differences in expression levels between species
in Drosophila and humans (Nuzhdin et al. 2004;
Khaitovich et al. 2005). On the other hand, intron
length and gene expression levels are negatively cor-
related (Castillo-Davis et al. 2002; Vinogradov 2004;
Seoighe et al. 2005). Selection for economy in trasn-
scription had been proposed to explain the latter
correlation (Akashi 2001; Castillo-Davis et al. 2002;Correspondence to: Natalia Petit; email: natalia.petit@uab.es
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Seoighe et al. 2005). As transcription is costly, shorter
introns are selected in highly expressed genes,
increasing the efficiency of the transcriptional pro-
cess. However, another view (the genomic design
hypothesis) points out that the shorter introns of
highly expressed genes reflect the low levels of epi-
genetic regulation in housekeeping genes. Tissue
specific genes exhibit lower levels of expression and
require greater levels of epigenetic regulation (Vi-
nogradov 2004). The genomic design hypothesis is
supported by the fact that intergenic distances are
also shorter in housekeeping genes than the tissue
specific ones (Nelson et al. 2004; Vinogradov 2004),
and this observation is not explained by the efficiency
transcription model (Seoighe et al. 2005). Altogether,
these observations suggest that cis-regulatory ele-
ments may play an important role in the variation
dynamics of the coding sequence. Recent genomic
studies are indicating the functional importance of
noncoding sequences (Siepel et al. 2005; Keightley
et al. 2005; Andolfatto 2005). In an evolutionary
study on noncoding DNA in Drosophila, Andolfatto
(2005) has shown that �60% of noncoding sequences
are under purifying selection, and that a significant
fraction of nucleotide substitutions, nearly 20%, is
due to positive selection. Thus, noncoding evolution
seems to be as important, or more, for organismic
evolution than that of coding sequences.

Here, we integrate genomic, polymorphism and
regulatory complexity data to test the following
hypotheses: (i) the amount of conserved noncoding
sequences (CNS) within introns is negatively corre-
lated with the protein polymorphism of a gene,
accounting for the correlation found between protein
evolution and intron length, and (ii) the previous
correlation is explained by the regulatory role of
conserved sequences. We use polymorphism instead
of divergence data, because polymorphism is the
variation stage prior to divergence, and much of
nonsynonymous polymorphism is thought to be
slightly deleterious and hence constrained by purify-
ing selection (Fay and Wu 2003). Strongly deleterious
and adaptive mutations are eliminated or fixed rap-
idly, and contrarily to divergence, they do not con-
tribute perceptibly to polymorphism. We followed a
three-step approach in this study: (1) we estimated
the correlation between nonsynonymous polymor-
phism and intron length; (2) intronic sequences were
then split into conserved and nonconserved portions
to test whether the correlation estimated in step 1 can
be attributed to the conserved (putative cis-regula-
tory) sequences; and (3) data from gene expression
patterns and regulation were integrated in the anal-
yses. This work provides relevant new evidence on the
emerging view that the amount of conserved cis-reg-
ulatory elements within introns and the degree of
constraint of coding sequences are coupled.

Methods

All available polymorphism coding sequences in Drosophila mela-

nogaster were collected from DPDB (Drosophila Polymorphism

Data Base, http//www.dpdb.uab.es; Casillas et al. 2005). After

careful data filtering, 107 polymorphic genes were selected for this

analysis, from which 88 contained introns (see Supplementary

Table). During the data mining and analyses, manual inspection

and data filtering were done to improve the suitability and confi-

dence in the raw data: (1) the name (or alias) of each gene must be

described in FlyBase (http://www.flybase.org; Drysdale et al. 2005)

to be included in the analysis; (2) the reference sequences from the

D. melanogaster sequencing project were discarded; (3) only those

genes with at least five sequences were selected for analyses; (4)

each alignment was compared with its corresponding reference

sequence from GenBank (http://www.ncbi.nlm.nih.gov/mapview;

Release 4.1) to check the correct homology of aligned sequences;

and (5) for dubious alignments (for example, alignments with

>10% excluded sites due to gaps or for alignments with extreme

values of polymorphism), the origin of each sequence was traced. If

the strain or the geographical origin of a sequence was not re-

corded, then the sequence was excluded from the analysis, and the

remaining sequences reanalyzed again. (6) To check the suitability

of the methodology, diversity estimates of genes analyzed by

Moriyama and Powell (1996) were compared with our estimates,

obtaining almost-coincident diversity values when the sequences

were the same and close agreement when additional sequences were

included.

Nei�s nucleotide diversity parameter, p, was estimated for each

gene in synonymous (ps) and nonsynonymous (pn) sites (Nei and

Gojobori 1986). Polymorphism analyses were performed using

PDA (Pipeline Diversity Analysis; http://www.pda.uab.es; Casillas

and Barbadilla 2004). Nucleotide diversity data for chromosome X

was multiplied by 4/3 to compensate for effective population size

differences (Charlesworth et al. 1987).

Both total intron and transcript length were estimated from

Release 4.1 of the annotated genome of D. melanogaster. Sequences

were considered intronic if they were located between exons, be-

tween UTRs, or between UTRs and exons. When more than a

transcript was annotated, the longest transcript was considered for

the estimation of the intron size.

The searching of conserved noncoding sequences within introns

was carried out using the Vista Genome Browser (http://www.ge-

nome.lbl.gov/vista; Couronne et al. 2003), which is a very useful

and widely used tool in comparative genomics. We compared the

D. melanogaster genome with the available genome data from six

other species (D. yakuba, D. erecta, D. ananassae, D. pseudoobs-

cura, D. virilis, and D. mojavensis). For the comparison between D.

melanogaster and D. yakuba species, the size of the sliding window

used to calculate conservation scores of each base pair (Calc win-

dows) was 100 bp; the minimum width of a conserved region (Min

Cons Width) was 100 bp, and the minimum percentage conserva-

tion identity that must be maintained over the window (Cons

Identity) was 70%. A CNS length measure was estimated per gene

by summing up the length of all conserved blocks within the introns

of the gene, discarding regions with repeated sequences as deter-

mined in Vista Genome Browser. For comparisons between D.

melanogaster and the other Drosophila species, the default param-

eter values were modified to detect smaller conserved blocks be-

tween more phylogenetically distant species: Calc windows = 50

bp, Min Cons Width = 25 bp, and Cons Identity = 90%. Three

different groups of genes were defined: (1) genes without introns,

(2) genes without CNS within introns, and (3) genes with CNS

within introns, for all comparisons of D. melanogaster to the other

six non-melanogaster species.

Data on expression patterns were obtained from Flybase

(Drysdale et al. 2005). Nelson et al. (2004) devised an index of

expression pattern (FBx index) by counting the number of mutant
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phenotypes of embryos, larvae, and adults affecting different

expression domains and tissues. Data were obtained from the

section ‘‘Expression and Phenotype’’ of Flybase. This index is a

surrogate measure of regulatory complexity, because genes ex-

pressed in a greater number of tissues and domains tend to require

a greater number of regulatory elements to conduct their expres-

sion. To correct for potential bias of overrepresentation of some

genes, Nelson et al. (2004) used the Fbxbin index that groups the

genes in 10 categories (Bin 1 = 1 record; Bin 2 = 2 records, Bin

3 = 3 records, Bin 4 = 4–5 records, Bin 5 = 6–8 records, Bin

6 = 9–13 records, Bin 7 = 14–18 records, Bin 8 = 19–29 records,

Bin 9 = 30–49 records, and Bin 10 = >50 records). They found

that genes with complex functions (e.g., developmental genes), and

expressed in a wide variety of specific tissues, have a higher FBxbin

index and are flanked by longer noncoding DNA than genes with

simple or housekeeping functions. Therefore, we used Fbxbin as an

indicator of regulatory complexity in our gene set and tested for a

correlation with nonsynonymous polymorphism.

To test for differences in biological functions between the

groups of genes with or without CNS within introns, Gene

Ontology terms (Ashburner et al. 2000) were got using FatiGo

(http://www.fatigo.bioinfo.cipf.es; Al-Shahrour et al. 2005). A test

for differences of unequal distribution of terms between the two

groups of genes was performed. FatiGo uses Fisher�s exact test for
2 · 2 contingency tables and calculates the significant differences in

gene ontology term distribution between two groups of genes using

methods adjusted for multiple tests.

For the estimation of recombination rates we used the software

Recomb-Rate (Comeron et al. 1999), which takes into account the

cytological localization of the genes. The program considers that

recombination rate is proportional to the amount of DNA in each

division along the chromosome versus the change of position of the

genetic map (Kliman and Hey 1993).

Nonparametric tests were usually performed on the data be-

cause of the deviation from normal distribution of the variables.

Results and Discussion

Relationship Among Intron Length, Conserved
Sequence Within Introns, and Nonsynonymous
Polymorphism

An association between protein evolution and length
of introns was reported by Marais et al. (2005) for D.
melanogaster. Besides this correlation, intron length
had been found to be associated with recombination
rates (Carvalho and Clark 1999; Comeron and Kre-
itman 2000) and levels of expression (Castillo-Davis
et al. 2002; Vinogradov 2004; Seoighe et al. 2005;
Marais et al. 2005). We have tested the association
between intron length and protein polymorphism,
and assessed different possible explanations for this
association. The correlation between nonsynonymous
polymorphism (pn) and total intron length was highly
significant (rSpearman = )0.412, p<10)4, N = 107;
Fig. 1) and remained so even when intronless genes
were excluded from the analysis (rSpearman = )0.527,
p<10)4, N = 85). Hence, genes with longer introns
show lower levels of nonsynonymous polymorphism.
This is in agreement with the negative correlation
found by Marais et al. (2005) between nonsynony-
mous divergence (dn) and intron length. However, the
absolute value of our correlation was more than twice

theirs (–0.412 vs –0.19). This difference could be due
to sporadic adaptive mutations contributing to
divergence which loosen the correlation. For com-
parison, we estimated the correlation between intron
length and dn between D. melanogaster and D. yakuba
for the genes analyzed here. The value of this corre-
lation was not significantly different from that of
Marais et al. (2005) (rSpearman = )0.237, p = 0.03,
N = 84, vs rSpearman = )0.190, p < 10)4, N = 570;
v2 test for homogeneity of two correlation coeffi-
cients, p = 0.549 [Sokal and Rholf 1981]), indicating
that the length of introns in our dataset is not biased.

A possible explanation for the negative correlation
between nonsynonymous polymorphism and intron
length is the presence of regulatory sequences within
introns, which would increase the length of introns in
genes with complex patterns of expression (Marais
et al. 2005; Vinogradov 2004). CNS are though to be
cis-regulatory elements of the expression of a gene
(Hardison 2000; Bergman et al. 2002; Negre et al.
2005). Thus, to test for the hypothesis that the cor-
relation between intron length and protein evolution
is due to the presence of regulatory elements within
introns, we searched for CNS within introns by
comparing orthologous gene sequences between D.
melanogaster and D. yakuba. The CNS total length
within introns was calculated for each gene by sum-
ming up the length of all conserved blocks detected
within introns (see Methods). Nonsynonymous
polymorphism (pn) was negatively correlated with
CNS length (rSpearman = –0.346, p = 0.001,
N = 83). We also found a high correlation value
between the length of introns and the CNS length
(rPearson = 0.946, p < 10)6, N = 83), which is con-
sistent with the observation of Haddrill et al. (2005)

Fig. 1. Relationship between the level of nonsynonymous poly-
morphism and intron length for the 107 genes analyzed in Dro-
sophila melanogaster (rSpearman = )0.412, p < 10)4, N = 107).
Means and standard deviations are given in Table 1. Symbols refer
to the different gene groups: circles, genes without introns; trian-
gles, genes with introns without CNS; and diamonds, genes with
introns with CNS.
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that long introns (>86 bp) are more conserved than
short introns. To elucidate the importance of con-
served and nonconserved intronic regions in the
correlation between pn and total intron length, we
estimated the correlation of pn with the residuals of
the regression line that predicts total intron length
from CNS content. When this was done, the corre-
lation between pn and (corrected) total intron length
vanished (rSpearman = 0.014, p = 0.890, N = 83).
Therefore, the original correlation between pn and
total intron length could be ascribed to the CNS
content of introns. In Fig. 1 we show that genes with
longer introns are those with CNS within introns.

We tested the possibility that proteins with alter-
native splicing in the dataset (N = 12) could be
biasing our results, because different selective pres-
sures in alternative introns and exons could influence
the nonsynonymous polymorphism detected. How-
ever, when only genes without known alternative
splicing were analyzed (N = 73), the correlation be-
tween CNS length and pn remained significant
(rSpearman = )0.347, p = 0.003).

The divergence time between D. melanogaster and
D. yakuba is nearly 6 million years (Smith and Eyre-
Walter 2002), and most of the CNS detected in long
introns could be contingent on the short divergence
time. To avoid this potential bias, we searched for
intronic CNS between D. melanogaster and other
Drosophila species with different times of divergence,
whose genomes are sequenced and aligned with D.
melanogaster in the Vista Genome Browser (http://
www.genome.lbl.gov/vista; Couronne et al. 2003). As
our hypothesis assumes that the correlation between
pn and total intron length can be explained by the
regulatory nature of CNS, we diminished the window
size and increased the percentage of identity in the
Vista Genome Browser for these comparisons (see
Methods). As expected, the number of genes with

introns bearing CNS decreases with phylogenetic
distance: 61 with D. yakuba, 58 with D. erecta, 35
with D. ananassae, 25 with D. pseudoobscura, and 24
with D. virilis and D. mojavensis. The diminution
could indicate either that much of the sequence is not
functional and is neutrally diverging or that the
evolution of these sequences is linage specific. The
latter case would imply a rapid divergence of regu-
latory elements, in agreement with the recent esti-
mates of Andolfatto (2005) that about 20% of intron
substitutions between D. melanogaster and D. simu-
lans are adaptive, even though we still detect 23 genes
(26% of our data set) containing intronic CNS in all
the analyzed species. The pn value of this gene group
is significantly lower than both the group of genes
without introns and the group of genes with introns
but without CNS (ANOVA Kruskall-Wallis,
p = 0.010; Table 1, Fig. 2a). The average length of
introns also differs between genes with and genes
without CNS (Kolmorogov-Smirnov test, p < 0.001;
Table 1). We conclude that genes with intronic con-
served sequences that are putatively functional have
long introns and low values of nonsynonymous
polymorphism.

Evaluation of the Differences in Background Mutation
Rate in Genes With and Without CNS

Heterogeneity in mutation rates between different
gene regions might also explain our results (Clark
2001). A low mutation rate along a gene could pro-
duce a correlation between CNS amount and non-
synonymous polymorphism when analyzed with
other genes with higher background mutation rate.
To test this possibility, we compared synonymous
polymorphism (ps, which can be considered almost
neutral) and the ratio pn/ps (which can be taken as a
measure of selective constraint) among the three gene

Table 1. Test for differences among the means of the three groups of genes for the different analyzed variables

Gene group: mean ± SD (N) p-value

Without

introns (1)

With introns

without

CNS (2)

With introns

with CNS (3)

ANOVA

Kruskall-Wallis

(gene groups 1–3)

Kolmogorov-

Smirnov (Gene

groups 2 vs 3)

pn
a 0.0027 ± 0.0031 (20) 0.0024 ± 0.0029 (62) 0.0006 ± 0.0008 (23) 0.010 <0.01

ps
a 0.0137 ± 0.0113 (20) 0.0180 ± 0.0167 (62) 0.0113 ± 0.0147 (23) 0.202 >0.1

pn/ps
a 0.221 ± 0.248 (18) 0.283 ± 0.609 (54) 0.068 ± 0.107 (20) 0.037 <0.1

Total intron length (bp)b — 912 ± 1975 (62) 11505 ± 16076 (23) — <0.001

Expression pattern indexc 4.67 ± 3.88 (6) 3.89 ± 2.96 (40) 7.58 ± 2.47 (16) 0.013 <0.005

Recombination rated 0.0019 ± 0.0014 (20) 0.0024 ± 0.0016 (62) 0.0027 ± 0.0025 (23) 0.134 >0.1

Note. Gene groups were defined according to the presence of introns and CNS in all comparisons between the D. melanogaster genome and

six other Drosophila species using the Vista genome browser (see Methods). Significant p-values are in boldface.
apn, nonsynosnymous polymorphism; ps, synosnymous polymorphism; pn/ps, relationship between the two types of polymorphism sites

(selective constraints).
bTotal intron lengths (base pairs) estimated from Release 4.1 of the annotated genome of D. melanogaster (see Methods).
cFBxbin index as defined by Nelson et al. (2004) (see Methods).
dRecombination rate estimated using Recomb-rate program of Comeron et al. (1999).
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groups (genes without introns, genes with introns
without CNS, and genes with introns with CNS). The
results showed that synonymous variation does not
differ significantly among the three gene groups
(ANOVA Kruskall-Wallis, p = 0.180; Table 1). On
the contrary, genes with intronic CNS had signifi-
cantly lower values of pn/ps than the other two gene
groups (ANOVA Kruskall-Wallis, p = 0.037; Ta-
ble 1). This group effect would not be expected if
genes with CNS had a lower background mutation,
and it is consistent with the hypothesis that genes
with CNS are more constrained.

Evaluation of the Effect of the Recombination Rate in
the Association Between CNS Content Within Introns
and Nonsynonymous Polymorphism

Recombination rate has been found to be positively
correlated with levels of nucleotide polymorphism
(Begun and Aquadro 1992; Moriyama and Powell
1996) and negatively associated with intron length
(Carvalho and Clark 1999; Comeron and Kreitman
2000) in D. melanogaster. Likewise, differences in
evolution rates have been detected between genes
with low and genes with high recombination rates
(Presgraves 2005). Thus, a correlation between
nucleotide polymorphism and intron length might
be due to recombination rate variation. To test if
the recombination rate can account for our results,
we have estimated the correlation between recom-
bination rate and coding polymorphism and be-
tween recombination rate and intron length in our
data set. Recombination rate was positively corre-
lated with synonymous polymorphism (ps) (rSpearman

= 0.345, p = < 10)4, n = 107) but not with
nonsynonymous polymorphism pn (rSpearman =
0.16, p = 0.099, n = 107). The correlation between
recombination rate and total intron length was also
not significant (rSpearman = )0.110, p=0.307,
n=85). Furthermore, significant differences were
not found in recombination rate between genes
with and genes without intronic CNS (ANOVA
Kruskall-Wallis, p = 0.134; Table 1). Therefore,
recombination rate does not seem to influence the
association found between pn and total intron
length or CNS content.

Relationship Among Expression Patterns, Regulation,
and Nonsynonymous Polymorphism

Our results confirm two previous observations: (1)
longer introns are less variable (Haddrill et al. 2005),
and (2) longer introns are associated with lower val-
ues of coding variation (Marais et al. 2005). Our
second observation extends the evidence from inter-
specific divergence to intraspecific polymorphism.

Marais et al. (2005) proposed that longer introns
contain a larger number of elements that regulate the
expression of genes bearing them. This agrees with
our analysis of CNS as indicators of regulatory ele-
ments (Hardison 2000; Bergman et al. 2002; Negre
et al. 2005). To further support this assumption, we
have incorporated in our analyses data on the gene
expression pattern of D. melanogaster obtained from
Flybase (Drysdale et al. 2005), following the ap-
proach of Nelson et al. (2004), to measure the regu-
latory complexity of genes. In these data, higher
values of the expression pattern index (FBxbin index;
see Methods) denote higher regulatory complexity.
Table 1 and Fig. 2b show the comparison of expres-
sion patterns calculated for the three gene groups.
Genes with CNS in their introns exhibit a signifi-
cantly higher complexity in their expression pattern
than genes without CNS or without introns (ANOVA
Kruskall-Wallis, p = 0.013). Figure 3 shows the
association among the three analyzed variables:
nonsynonymous polymorphism, expression pattern
index, and CNS content within introns. The corre-

Fig. 2. Mean and standard errors of (a) nonsynonymous poly-
morphism and (b) expression pattern index (FBxbin) of the three
groups of genes. Bars indicate two standard errors. The mean,
standard deviation, sample size, and p-values are given in Table 1.
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lation between nonsynonymous polymorphism and
the expression pattern index is negative and signifi-
cant (rSpearman = )0.525, p < 10)4, N = 62). Fur-
thermore, as expected if CNS are indicators of
regulatory elements, the correlation between expres-
sion pattern index and CNS length is positive and
significant (rSpearman = 0.579, p < 10)4, N = 47).
Nelson et al. (2004) showed that the amount of
noncoding DNA between a gene and its nearest
neighbor correlates positively with the regulatory
complexity of that gene. We found a similar corre-
lation between conserved noncoding sequence length
within introns and regulatory complexity of a gene,
extending the results of Nelson et al. (2004) from
length of the intergenic noncoding sequences to
length of introns. Our results show that genes with a
higher expression pattern index are also genes with
longer introns and lower nonsynonymous polymor-
phism.

Duret and Mouchiroud (2000) analyzed the pro-
tein evolution of a wide set of human/rodent and
mouse/rat orthologous genes among 19 tissues from
three developmental stages. They showed that sub-
stitution rates at nonsynonymous sites are negatively
correlated with tissue distribution breath. Moreover,
they reported that these broadly expressed genes have
more regulatory elements in their 3¢ UTR than tissue
specific genes. The interpretation of these observa-
tions was that the efficiency of selection increases with
tissue distribution for coding sequences as for regu-
latory elements. Accordingly, our results indicated
that genes with more mutant phenotypes detected in
different tissues and developmental stages have more
putative regulatory sequences within introns and are
more constrained.

Why Do Proteins with High Regulatory Complexity
Evolve Slowly?

We have shown that genes with longer introns have
lower levels of nonsynonymous polymorphism and
that this association can be explained by the regula-
tory content of introns. Genes with high regulatory
complexity could have a wide range of functions in
different tissues and developmental stages and
therefore be more constrained. We tested for possible
differences in the biological function of the genes with
versus without CNS in their introns. We used the
FatiGo server (Al-Shahrour et al. 2005; see Methods)
to test unequal distribution of Gene Ontology terms
between the two groups of genes (with or without
CNS). The results indicated that the group of genes
with CNS in their introns is significantly enriched in
gene ontology terms: ‘‘organ development,’’ ‘‘tube
development,’’ ‘‘mesoderm development,’’ ‘‘organ
morphogenesis,’’ ‘‘cell fate determination,’’ ‘‘migra-
tion,’’ ‘‘motility,’’ ‘‘locomotion,’’ ‘‘localization of
cell,’’ ‘‘regulation of cellular physiological process,’’
‘‘regulation of cellular process,’’ and ‘‘regulation of
physiological process’’ (Fisher exact test adjusted to
multiple test, p = 0.03; genes with CNS, N = 19;
genes without CNS, N = 52). Therefore, genes
belonging to the group with CNS seem be function-
ally complex and involved in the regulatory and
developmental process, which would constrain their
evolution.

Functionally complex genes have longer coding
sequences and longer introns than housekeeping
genes in humans (Vinogradov 2004). Therefore,
coding length is not a negligible variable in our
analysis and is expected to be related to nonsynon-
ymous polymorphism and, also, regulatory com-
plexity. In fact we found a significant positive
correlation between total coding length and total
intron length and between coding length and FBx-
bin index (rSpearman = 0.669, p < 10)5, N = 85,
and rSpearman = 0.468, p < 10)3, N = 62, respec-
tively) and a significant negative correlation between
coding length and pn (rSpearman = )0.453, p < 10)4,
N = 107). Thus, our results indicate that longer
proteins are related to longer introns and high reg-
ulatory complexity. However, highly expressed
genes, such as housekeeping genes, have shorter in-
trons (Castillo-Davis 2002; Vinogradov 2004) and
evolve slowly in several species (Akashi 2001; Pál
et al. 2001; Zhang and Li 2004; Rocha and Danchin
2004; Marais et al. 2004; Drummond et al. 2006).
The latter associations seem to be contradictory
with our results. However, the dot distribution be-
tween total intron length or FBxbin and pn in
Figs. 1 and 3 is L-shaped, indicating that low pn
values can be found in genes both with and without
CNS. The point is that genes with higher regulatory

Fig. 3. Nonsynonymous polymorphism is negatively associated
with expression pattern index (rSpearman = )0.525, p < 10)4).
Genes with high regulatory complexity have CNS and low non-
synonymous polymorphism. Circles, genes without introns; trian-
gles, genes with introns without CNS; and diamonds, genes with
introns with CNS.
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complexity and CNS within introns will almost
indefectibly have low nonsynonymous variation.

Conclusions

Our results extend the negative correlation between
coding evolution and intron length found by Marais
et al. (2005) from nonsynonymous divergence to
nonsynonymous polymorphism and give support to
the hypothesis that the correlation could be ac-
counted for the regulatory content of introns. We
show that intronic CNS content could explain the
association between intron length and nonsynony-
mous variation. All the evidence together indicates
that longer introns seem to contain regulatory ele-
ments that modulate the expression of genes. Sup-
porting this view is the example of Pappu et al.
(2005), who reported an intronic enhancer within an
intron of Drosophila melanogaster, which directs the
eye-specific expression of the dac locus. Higher
amounts of conserved noncoding sequences within
introns could, therefore, be indicating higher levels of
regulatory complexity. Overall, proteins with a higher
regulatory complexity are longer and seem to be
functionally complex and more constrained by puri-
fying selection. Our results emphasize the importance
of intron content in the evolution of coding se-
quences, suggest that purifying selection is the prin-
cipal force acting in the evolution of genes with high
regulatory complexity, and support the emerging
view that genetic variation within and among species
results from the coupled evolution of the proteome
and the transcriptome.
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partament de Genètica i Microbiologia of the Universitat Autò-
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