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We have used comparative genomics to characterize the evolutionary behavior of predicted splicing regulatory
motifs. Using base substitution rates in intronic regions as a calibrator for neutral change, we found a strong
avoidance of synonymous substitutions that disrupt predicted exonic splicing enhancers or create predicted exonic
splicing silencers. These results attest to the functionality of the hexameric motif set used and suggest that they are
subject to purifying selection. We also found that synonymous substitutions in constitutive exons tend to create
exonic splicing enhancers and to disrupt exonic splicing silencers, implying positive selection for these splicing
promoting events. We present evidence that this positive selection is the result of splicing-positive events
compensating for splicing-negative events as well as for mutations that weaken splice-site sequences. Such
compensatory events include nonsynonymous mutations, synonymous mutations, and mutations at splice sites.
Compensation was also seen from the fact that orthologous exons tend to maintain the same number of predicted
splicing motifs. Our data fit a splicing compensation model of exon evolution, in which selection for splicing-positive
mutations takes place to counter the effect of an ongoing splicing-negative mutational process, with the exon as a
whole being conserved as a unit of splicing. In the course of this analysis, we observed that synonymous positions in
general are conserved relative to intronic sequences, suggesting that messenger RNA molecules are rich in sequence
information for functions beyond protein coding and splicing.

[Supplemental material is available online at www.genome.org.]

In addition to sequences that specify their cognate polypeptides,
the open reading frames of eukaryotic messenger RNAs (mRNAs)
are likely to contain additional information governing the func-
tioning of these molecules; these functions include exon splicing
and mRNA transport, localization, stability, and translation. If so,
the evolution of mRNA sequence would be constrained by puri-
fying selection against the loss of this information. This selection
should be evident by examining the rate and quality of base
substitutions that do not alter protein coding (synonymous sub-
stitutions) but may alter one of the abovementioned functions.

Mutation rates in open reading frames have been exten-
sively characterized by two parameters: Ka, the rate of mutations
that result in amino acid substitutions; and Ks, the rate at syn-
onymous sites. The latter has most often been assumed to reflect
neutral change and has been used to normalize the mutation
rates in a given gene, with the Ka/Ks ratio serving as an inverse
measure of protein sequence conservation (Hurst 2002). More
recently, the neutrality of Ks has been challenged, with accumu-
lating evidence for selection acting at synonymous sites (for re-
views, see Chamary et al. 2006; Xing and Lee 2006). Some of this
evidence has been based on comparisons between mutation rates
in predicted exonic splicing enhancers (ESEs) versus control se-
quences, concluding that the former tend to be conserved. Thus,
mutations that disrupt ESEs have been selected against among
human single nucleotide polymorphisms (SNPs), especially those
near exon extremities (Fairbrother et al. 2004; Carlini and Genut
2006), and the Ks within human ESEs defined by human–mouse

comparisons was seen to be lower than that in non-ESE se-
quences (Parmley et al. 2006). Another approach has been to
compare Ks in alternatively versus constitutively spliced exons.
Ks has been found to be lower in the former (Xing and Lee 2005;
Chen et al. 2006), which is in keeping with the idea that alter-
natively spliced mammalian exons have a higher density of splic-
ing regulatory signals.

A problem in interpreting Ks values as experimental vari-
ables is deciding what to use as a background, i.e., sequences that
more closely reflect neutral change. This problem is exacerbated
when examining sets of specific motifs, since mutation rates can
vary widely depending on the exact sequences neighboring the
sites in question (Arndt et al. 2003; Zhang and Gerstein 2003;
Hwang and Green 2004; Siepel and Haussler 2004), making a
comparison to a control context all the more important. We have
approached this problem by (1) measuring changes in deep in-
tronic sequences (Ki) to estimate the neutral mutation rate; (2)
comparing the rates of ESE and exonic splicing suppressor (ESS)
creation and disruption to rates in control motif sets with similar
sequence characteristics; and (3) testing the idea that when mu-
tations predicted to compromise splicing occur, they tend to be
accompanied by the accumulation of compensatory mutations
that are predicted to encourage splicing. Comparing the human
genome to chimpanzee and macaque, we observed the following:
(1) Ks is significantly slower than Ki, supporting the idea of RNA
function beyond protein coding. (2) ESEs have been disrupted at
a lower rate than control sequences and have been created at a
higher rate. In the first such analysis of predicted ESS motifs, we
found the converse to be true, in agreement with their proposed
role in silencing splicing. (3) When splicing efficiency in one
species is predicted to be decreased due to the loss of an ESE, the
gain of an ESS, or the weakening of a splice-site consensus se-
quence, there is a trend toward compensation in the form of ESE
gains, ESS losses, or strengthening of a splice site. We conclude
that the exon as a whole is conserved as a unit of splicing and
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that other units of function may also be contributing to exon
homeostasis.

Results and Discussion

Overall Ks vs. Ki

To ask whether synonymous sites are subject to selection, we
measured overall mutation rates by comparing the sequences of
human open reading frames to those of chimpanzee and ma-
caque. We made the conservative choice of using only constitu-
tively expressed human exons because alternatively spliced ex-
ons exhibit a lower Ks than constitutive exons (Chen et al. 2006)
and are thought to contain more splicing regulatory sequences
(Itoh et al. 2004). The human sequences were collected from
mRNA and EST databases (see Methods) and aligned to the other
primate genomes. As an estimate of neutral mutation rates, we
enumerated changes in intron sequences. We ignored sequences
located within 100 nt of exons, as these regions are known to
harbor splicing regulatory signals (Louie et al. 2003; Zhang et al.
2003, 2005c) and tend to be conserved (Sorek and Ast 2003;
Sugnet et al. 2004; Xing and Lee 2005; Yeo et al. 2005). We also
excluded highly repeated sequences, as they may be subject to
distinctive evolutionary pressures, and we purposely ignored
changes at CpG sites to avoid domination of the data by that
highly mutable dinucleotide.

As can be seen in the first two lines of Table 1, Ka amounts
to 20%–30% of Ks, reflecting the greater selective pressure to
maintain protein sequence compared to RNA sequence. The
more interesting comparison here is between Ks and Ki; the
former is ∼75% of the latter in both primate comparisons. This
substantial difference is the expected result if selection is operat-
ing at synonymous sites, implying a function for these nucleo-
tides in processes such as splicing, stability, transport, or trans-
lation efficiency. Although the data are consistent with this idea,
it is also possible that the constraint on synonymous site changes
is being caused by their close linkage to amino acid coding
nucleotides. In the absence of recombination among these
closely linked (intragenic) nucleotides, selection for or against a
change in an amino acid coding nucleotide could reduce the
pool of variants at synonymous sites (Charlesworth et al. 1993;
Kim 2004; Comeron and Guthrie 2005). This mechanism may
underlie the strong positive correlation seen between Ks and Ka/
Ks comparing humans and rodents (Wyckoff et al. 2005). On the
other hand, Birky and Walsh (1988) have argued that there are
no net effects on neutral mutations from this phenomenon, and
no correlation between Ks and Ka/Ks was seen when comparing
less divergent species (human–chimp; Wyckoff et al. 2005) such
as those used here. We conclude that the low Ks/Ki values seen
here probably reflect purifying selection at synonymous sites.

Ks/Ki in splicing motifs

Since the results of an overall Ks/Ki ratio of <1 could originate
from diverse selective pressures, we turned to a more pointed

hypothesis to examine the evolutionary behavior of splicing mo-
tifs: If predicted exonic splicing enhancer (ESE) sequences are
generally functional, they would tend to be conserved and thus
influence the value of Ks within these motifs. Analogously, the
creation of exonic splicing silencer motifs would tend to be
avoided. To test this idea we compiled a list of such motifs by
combining our previously described (Zhang and Chasin 2004) set
of predicted putative ESEs (PESEs) with RESCUE-ESEs predicted
by Fairbrother et al. (2002). Similarly, we combined our previ-
ously described (Zhang and Chasin 2004) set of predicted puta-
tive ESSs (PESSs) with the experimentally determined FAS-hex3
set described by Wang et al. (2004). To effect this merger, we
converted our PESE and PESS octamer motifs to their most com-
monly embedded hexamers (see Methods). The two sources of
each motif set were represented approximately equally. We term
the classified changes limited to these motifs as Ka disrupt for mu-
tations that alter an amino acid and disrupt a motif, Ks create for
mutations that do not alter an amino acid and create a motif, and
so on. We compared human and macaque sequences, using dog
as an outgroup to distinguish motif disruption from motif cre-
ation. The results apply to all changes in both primates. It was
important to use merged lists in order to avoid misclassification
of mutational events. For example, a change that disrupts one of
our original PESEs but simultaneously creates a RESCUE-ESE
would be misclassified as an ESE disruption if the RESCUE-ESE
motifs were not taken into account.

The rate of change at the synonymous sites within predicted
ESE and ESS motifs will depend on both selection and mutability.
The mutability of these motif sets will depend critically on their
sequence, since the mutation rate at any particular nucleotide
position is highly influenced by surrounding nucleotides. We
diminished this effect by measuring the rate of change of each set
of motifs when located in intronic regions (as described above),
and we used these values for normalization. While we think that
normalization of changes to a given motif at a control location is
essential, it does raise the possibility that our results will be ex-
aggerated if selective forces acting in exons are mirrored by forces
acting in the opposite direction in introns (e.g., in favor of ESE
disruption to prevent splicing of pseudo-exons). Results for dis-
ruption of ESEs and ESSs in constitutive exons compared in hu-
man and macaque are shown in the top part of the first data
column of Supplemental Table S1. The Ka disrupt/Ks disrupt odds
ratio for ESEs is 0.192 (95% confidence interval 0.188–0.195) in
the human–macaque comparison, the low value reflecting selec-
tion for amino acid sequences. However, this ratio is 6% lower
than the overall Ka/Ks odds ratio of 0.204 (95% confidence inter-
val 0.202–0.205) seen in Table 1, suggesting selection against the
loss of splicing information embedded within protein coding in-
formation.

The more incisive comparison is between Ks and Ki. Ks disrupt

for ESEs is significantly lower than Ki disrupt, yielding a Ks disrupt/
Ki disrupt odds ratio of 0.702. This value is considerably less than
1, as expected if predicted ESE motifs are indeed subject to puri-
fying selection, and is ∼10% lower than the overall Ks/Ki. To ask

Table 1. Comparing mutation rates at synonymous, nonsynonymous, and intronic sites

Ks Ka Ki Ka:Ks ORa (95% CI) Ka:Ki OR (95% CI) Ks:Ki OR (95% CI)

Human–chimp, constitutive exons 0.0073 0.0023 0.0099 0.313 (0.308–0.319) 0.231 (0.227–0.235) 0.729 (0.720–0.738)
Human–macaque, constitutive exons 0.0418 0.0088 0.0531 0.204 (0.202–0.205) 0.158 (0.157–0.160) 0.777 (0.773–0.782)

aOdds ratio.
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whether ESEs are more conserved than
other motifs at synonymous sites, we
created a control set of an equal number
of non-ESE motifs for comparison. De-
vising such a control set is nontrivial,
because the ESE set is composed of fami-
lies of highly related overlapping se-
quences. For example, if one ESE differs
from seven other ESEs by only a single
nucleotide, then the probability of a ran-
dom mutation disrupting this ESE is
(18 � 7)/18. On the contrary, if it is
similar to no others, then this probabil-
ity is 18/18. Thus, a compilation of ran-
dom non-ESE hexamers (mostly unre-
lated) could not be compared on the
same basis. We decided to use the re-
verse complements of ESEs as a non-
ESE control set. This set of motifs main-
tains the similarities among the hexa-
mers, forming a control set that has the
same “coherence” as the experimental
set, and has the same CG dinucleo-
tide content as well. There are some
possible dangers in such a control set:
The purine to pyrimidines ratio is
systematically reversed; and the reverse
complements of ESEs and ESSs may be
selected against and for, respectively, if
secondary structures play a role in the
availability of these motifs. While such
an effect would tend to exaggerate the
differences between the experimental
and control set, it would not distort the
result, as the exaggeration itself rests on
the functionality of the ESE and ESS
sets.

The mutation rates for ESEs, ESSs,
and their control sets in constitutively
and alternatively spliced exons are
shown for the human–macaque comparison in Supplemental
Table S1; the key Ks/Ki values (presented as odds ratios) are sum-
marized graphically in Figure 1, A and B. Two principal conclu-
sions can be drawn from Figure 1A, the comparison of human
and macaque constitutive exons. The first is that both ESE dis-
ruptions and ESS creations occur at much lower rates at synony-
mous sites in exons than in introns (black bars at left and right,
ratios <1), an indication of purifying selection acting on both
types of these splicing-negative events. The accompanying gray
bars show that the control motif sets are also under purifying
selection by this criterion (Ks/Ki < 1), in accordance with the
overall Ks/Ki results shown in Table 1. However, the Ks/Ki values
for the splicing motifs are much lower than those of the controls,
suggesting that selection for splicing function is an important
evolutionary pressure.

Purifying selection against ESE disruption was first shown by
Fairbrother et al. (2004) using human SNPs as a measure of
change. More recently, conservation of ESEs at synonymous sites
has been demonstrated by mammalian comparative genomics
(Yeo et al. 2004; Xing and Lee 2005; Parmley et al. 2006; Stadler
et al. 2006). Our data confirm these observations using a new
method for taking motif-specific variation in mutation rate into

account (Ks/Ki) and extend them to suggest that the non-creation
of ESSs should also be considered a purifying selection.

A second conclusion drawn from Figure 1A is that splicing
motifs appear to be subject to positive selection: Creation of ESEs
and disruption of ESSs occur at much higher rates than the analo-
gous changes in the control motif sets (the two middle bar sets in
Figure 1A; see also Supplemental Table S1, row 4, columns 3–6).
Resch et al. (2007) found evidence for positive selection at syn-
onymous sites in numerous human genes. The results presented
here suggest that much of this positive selection can be ascribed
to splicing motifs. All four differences between splicing motifs
and the controls shown in Figure 1A were also seen when we
analyzed SNPs (with chimpanzee as the out-group), but because
the number of changes were much smaller, the statistical signifi-
cances were marginal (data not shown). An adaptation of the
McDonald–Kreitman test (McDonald and Kreitman 1991) was
applied to this data but failed to indicate positive selection here
(data not shown). This result could have been predicted, since
this test is based on the assumption that positively selected
changes show a higher frequency between species (fixed muta-
tions) than within a species (polymorphisms). It is clear that ESE
selection can in fact be seen in human SNP data (Fairbrother et al.

Figure 1. Rates of ESE and ESS creation and disruption. Rates have been normalized for change at
intronic sites, expressed as Ks/Ki. Black bars represent ESE and ESS motifs (but purged of reverse
complements); the gray bars represent two separate control motif sets, being largely the reverse
complements of the ESE and ESS sets (see text). Error bars show 95% confidence intervals. (A,B)
Human–macaque comparisons; (C,D) human–chimpanzee comparisons. (A,C) Constitutive exons;
(B,D) alternatively spliced exons.
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2004; Carlini and Genut 2006). We discuss the significance of
this positive selection further below.

We also examined exons that are alternatively spliced in
humans (cassette-type, the most frequent form of alternative
splicing), measuring changes in both species and making the
conservative assumption that most would be alternatively
spliced in both primates. By definition, this analysis is limited to
conserved alternatively spliced exons. These exons exhibit a
somewhat different behavior than their constitutive counter-
parts. Evidence for purifying selection is seen here also, but to a
considerably greater extent than in constitutive exons (Fig. 1B,
left and right black bars); the mutation rate for ESE disruption
and ESS creation at synonymous sites being reduced to only
about half the intronic rate. Thus, maintenance of splicing mo-
tifs appears even more critical for alternative exons than for con-
stitutive exons. Chen et al. (2006), using human–rat and rat–
mouse comparisons, also concluded that non–protein-coding in-
formation is more highly conserved in alternative compared to
constitutive exons, based on their observation of lower Ks/Ka val-
ues in the former. Our results provide evidence that splicing mo-
tifs are contributing to the greater conservation of alternative vs.
constitutive exon sequence. Interestingly, the Ks/Ki values for
non-ESE and non-ESS control motifs are also lower compared to
constitutive exons, implying that functions other than splicing
are also more critical for alternative exons. Remarkably, the al-
ternative exons exhibit less positive selection than their consti-
tutive counterparts for changes that would increase splicing (ESE
creation and ESS disruption, middle black bars); indeed, they do
not differ from the control sets in this respect. These results are in
keeping with the need for alternatively spliced exons to maintain
a balance among splicing elements so as to allow a combination
of exon skipping and exon inclusion and with the observation
that conserved alternative exons tend to conserve their quanti-
tative regulation (Modrek and Lee 2003; Kan et al. 2005; Rukov et
al. 2007). Thus, existing motifs are strongly conserved, but in-
creases in splicing efficiency are not tolerated. An analogous in-
ference was reached by Garg and Green (2007) for splice-site
sequences: Weak splice-site scores were conserved in alternative
exons so as to maintain inefficient splicing. The evidence for
purifying selection seen for ESS motifs in alternative exons (a
Ks/Ki value of 0.70, equal to that showing ESE conservation in
constitutive exons) suggests that silencing (as well as weak en-
hancement) plays an important role in the mechanism of alter-
native splicing.

We repeated this analysis comparing human to chimpanzee,
with the macaque as an out-group to distinguish motif disrup-
tion from motif creation. These comparisons led to the same
conclusions for constitutively spliced exons (Fig. 1C), but few
conclusions can be drawn for alternatively spliced exons here
due to the paucity of data (Fig. 1D).

The inference that ESEs and ESSs are subject to both nega-
tive and positive selection is based on significant differences be-
tween these splicing motifs and the control sets. If the control
sets themselves contain many motifs subject to selection, then
the differences exhibited by the ESEs and ESSs would be under-
estimating the selective pressure. To see whether motifs other
than splicing elements are conserved, we compared Ks/Ki values
for all hexamers. Hexamers were divided into ESEs, ESSs, and
∼3500 non-ESE/ESSs; a histogram of the distribution of Ks/Ki val-
ues for these three sets is shown in Figure 2. Indeed, the non-
ESE/ESS hexamers comprise a distribution not unlike the ESEs,
with many members exhibiting even higher conservation (lower

Ks/Ki values) than the ESEs. This result should not be surprising,
as these motifs may comprise sequence elements that function in
the transport of mRNA from nucleus, mRNA localization in the
cytoplasm, mRNA stability, and mRNA translation efficiency, as
well as yet-unrecognized splicing signals. It might be interesting
to identify families of hexamers with low Ks/Ki values and test
consensus sequences for function in the processes listed above. A
more quantitative indication of ESE and ESS function than com-
parison to arbitrary control motif sets is probably the direct com-
parison to rates of change in intronic regions, i.e., the Ks/Ki value
itself. These ratios are strikingly low: �0.70 for ESE disruptions
and �0.54 for ESS creations among constitutive exons, with even
lower values in alternative exons. The Ki for splicing motifs may
not be entirely neutral if splicing motifs are evolving in introns
in a manner opposite that in exons so as to keep pseudo-exons
from being spliced. If this were the case, the Ks/Ki can be viewed
as the sum of the selective forces acting to enhance splicing in
exons and silence it in introns. Even if intronic selection is mak-
ing a contribution here, it seems safe to conclude that splicing
signals play a major role in shaping the sequence of exons.

The evidence for positive selection found here for splicing
motifs in constitutive exons is at first glance surprising. Splicing
is a very old process, which one would think would be well
honed in contemporary organisms. Nevertheless, the data indi-
cate that, even in the 6 million years since the human–
chimpanzee divergence, selection is continuing for ESE creation
and ESS disruption (Fig. 1C). We can think of several explana-
tions for this result: (1) There are a significant number of ortholo-
gous exon pairs in which the human exon is constitutively
spliced but the macaque or chimpanzee exon is alternatively
spliced, and constitutive splicing is favored. Although the hu-
man constitutive exons were chosen as being constitutive on the
basis of their lack of EST isoforms, we have no such assurance for
the two other primates, for which sufficient EST data are lacking.
Thus, ESE creation and ESS disruption in human compared to
macaque could sometimes reflect a switch from alternative splic-
ing to constitutive splicing. Indeed, many exons do show species

Figure 2. Distribution of Ks/Ki ratios for hexamers. Histograms of Ks/Ki
values for ESEs, ESSs, and remaining hexamers are shown. Data include
the full 469 ESE and 246 ESS sets (not purged of reverse complements)
and 3448 non-ESXs and exclude changes at CpG sites and 33 mostly
CpG-rich hexamers that yielded no data.
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specific alternative splicing in human–mouse comparisons (Pan
et al. 2005). However, among conserved exons, the majority
show conservation of alternative splicing patterns (Modrek and
Lee 2003; Kan et al. 2005; Pan et al. 2005; Rukov et al. 2007).
Furthermore, about half of the data in Figure 1 is based on splic-
ing-positive changes in the nonhuman primate, where this ex-
planation could not hold as the human exons are all constitutive.
(2) The exigencies of protein evolution result in ESE disruptions
and ESS creations in some exons due to changes at nonsynony-
mous sites. New ESEs must be created or ESSs disrupted in order
to restore efficient splicing to such exons, and most of these new
mutations survive at synonymous sites. (3) A more general ex-
tension of (2) is that, despite pressure to the contrary, ongoing
mutation in general does result in ESE disruptions and ESS cre-
ations that must be counterbalanced by ongoing ESE creations
and ESS disruptions. We next set out to see if there was evidence
for the latter two explanations in the form of splicing-negative
changes being compensated by splicing-positive changes.

Evolutionary compensation of exonic splicing-negative motif
changes by exonic splicing-positive motif changes

Regardless of the evolutionary pressure for conservation of ESEs
and against conservation of ESSs, the fact remains that differ-
ences that are predicted to decrease splicing in one species rela-
tive to the other are abundant in human and macaque exons.
Macaques and humans have evolved from some common ances-
tor, and both species have maintained constitutive exon splicing
despite the presence of these potentially deleterious mutations.
We reasoned that many of these negative changes should be
matched by compensatory positive changes. The compensatory
mutations would include nonsynonymous as well as synony-
mous mutations, mutations at splice sites, and mutations in
flanking intronic sequences. In this model, each exon together
with its flanks is conserved as a splicing unit that must maintain
a functional balance between positive and negative elements; or,
for constitutive exons, at least a dominance of positive elements
over negative elements.

We set out to test this idea by simply making two-way com-
parisons, considering human exons as functional mutant ver-
sions of their macaque orthologs and vice versa. By abandoning
the use of an outgroup we lose the ability to assign a direction to
any given change (i.e., assignment as a creation or disruption) as
well as the ability to deduce the order of the mutational events
(i.e., whether a compensatory positive change preceded or suc-
ceeded a negative change). However, the use of an outgroup here
would hide some compensatory changes by discarding positions
where all three species differ and would decrease the number of
informative exons (data not shown). Additionally, differences at
CpG dinucleotides and nonsynonymous changes were now
taken into account, as their exclusion could conceal compensa-
tory changes.

We defined an exonic splicing-negative mutation (spl�) as
a single base substitution that results in the disappearance of an
ESE or the appearance of an ESS and a splicing-positive mutation
(spl+) as resulting in the appearance of an ESE or the disappear-
ance of an ESS (see Methods). We describe most of the results in
terms of how the human exons differ from macaque, but for all
experiments we repeated the analysis for how macaque exons
differ from human, as that analysis provides a comparable
amount of information and demonstrates the reproducibility of
the data.

We used a set of ∼50,000 human–macaque constitutive exon
pairs for which the two exons of each pair were of equal length
and contained no gaps in the alignment. Each human exon was
examined for exonic splicing motif differences relative to its ma-
caque ortholog, including both synonymous and nonsynony-
mous differences. To normalize for the effects of exon length, we
calculated the frequency of differences as spl+ or spl� mutations
per nucleotide for each exon and classified the exons according
to their spl� frequencies. For each class we then calculated the
frequency of spl+ mutations that had also occurred. As can be
seen in Figure 3A (black bars), the frequency of spl+ mutations
increases as the frequency of spl� mutations increases. Although
this result is consistent with the splicing compensation model,
we were concerned that other factors could contribute to the
correlation. For instance, the exon population exhibits a range of
overall mutation frequencies; thus, exons that have suffered
many total mutations would be expected to have a high fre-
quency of both spl� and spl+ mutations. To take such correla-
tions into account, we designed a simulated set of mutant exons
derived from macaque exons. For each macaque–human exon
pair, we replaced each of the synonymous mutations in the hu-
man exon with mutations of the same exact base difference but
at random synonymous positions. The restriction to synony-
mous differences was imposed to avoid mutations that could
affect protein function and therefore would be less likely to have
been conserved. It should be noted that these restrictions made
our simulation quite conservative, in that the randomly placed
differences were sometimes placed coincidently at the same po-
sitions as the naturally occurring mutations. The frequency of
spl+ mutations in this simulated set did in fact increase with the
frequency of spl� mutations (Fig. 3A, white bars) but to a sig-
nificantly lesser degree than in the real set. Subtracting the fre-
quency of mutations produced in the simulation from the real
exon data isolates the splicing compensation effect (Fig. 3B).

Next, we repeated the analysis but restricted the differences
to those where directionality could be determined by reference to
dog as an outgroup. Thus, in this experiment spl� changes rep-
resent ESE disruptions and ESS creations and spl+ changes repre-
sent ESE creations and ESS disruptions in either the human or the
macaque (combining the data for the two species). The results
(Fig. 3C) are very similar to those found for the two-way differ-
ences although slightly damped, as expected.

An additional control experiment was carried out in which
mutation in randomly chosen sets of motifs drawn from non-ESE
and non-ESS hexamers were enumerated. In contrast to the result
with the splicing motifs, no difference between the real exons
and the simulated exons was evident (Fig. 3D).

We repeated these analyses viewing macaque exons as func-
tional mutant derivatives of human exons and obtained similar
results (Supplemental Fig. S2). We conclude that there is a ten-
dency for exonic splicing-negative motif changes to be compen-
sated by exonic splicing-positive motif changes.

Compensation between splice-site differences and exonic
splicing motif differences

Mutations that disrupt ESEs or create ESSs might also be com-
pensated by an increase in the strength of one or both of the
splice sites of the exon. By strength here we mean agreement to
the splice-site consensus sequence, as scored by a position-
specific scoring matrix. By the same token, mutations that de-
crease the strength of a 3� and/or 5� splice site of an exon could
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be compensated by the creation of ESEs or the disruption of ESSs.
To investigate this sort of compensation, we combined the posi-
tive and negative motif differences undergone by an exon, de-
fining the exonic splicing motif difference (ESMD) as the fre-
quency of splicing-positive differences (ESE appearances and ESS
disappearances) in human relative to macaque minus the fre-
quency of splicing-negative differences (ESS appearances and ESE
disappearances). A positive ESMD is predicted to promote splic-
ing, while a negative ESMD would discourage splicing. We asked
whether a decrease in ESMD was correlated with a strengthening
of one or both splice-site sequences and whether a weakening of
a splice site was correlated with an increase in ESMD for an exon.
Splice-site strength was measured by calculating a consensus
value (CV) using a position-specific scoring matrix (Senapathy et
al. 1990; Zhang et al. 2005b). To decrease noise, a score difference
threshold of 5 on this scale was applied. As can be seen in Figure
4A, human exons with CVs that are identical to their macaque
counterparts show little net change in ESMD. In contrast, exons
with a weaker splice-site sequence exhibit an overall increase in
ESMD, and those that have suffered a decrease in ESMD are as-
sociated with a stronger splice-site sequence. Both of these dif-

ferences between unchanged and changed splice-site strengths
are significant, with P-values � 0.01, and control non-ESE/non-
ESS motifs do not show these differences. A compensatory effect
can also be seen by enumerating the number of exons that have
undergone such changes. Among exons that have acquired a
weaker splice site, those with an increase in EMSD outnumber
those with a decrease (Fig. 4B, left, P < 0.006). The opposite is
true for exons with stronger splice sites (Fig. 4B, right,
P < 0.0006). In contrast, EMSD increases and decreases are
equally represented among exons with no change in CV (Fig. 4B,
middle; P = 0.60). Again, we repeated this analysis from the ma-
caque point of view and obtained similar results (Supplemental
Fig. S3). We conclude that changes in splicing regulatory motifs
can compensate for changes in splice-site sequence strength and
vice versa.

Despite the overall trend toward compensation seen in Fig-
ure 4, it is evident there are large numbers of exons that do not
follow a compensatory route. This discrepancy may be more ap-
parent than real and is not so surprising given our limited knowl-
edge of the elements that contribute to splicing. CV scores were
used as an index of splice-site strength, yet we know they are

Figure 3. Evolutionary compensation of exonic splicing-negative motif changes by exonic splicing-positive motif changes. (A) Comparing human to
macaque: exons were separated into four groups according to their frequency of exonic splicing-negative events (events per nt) as indicated. Exons with
frequencies of 0–0.015, 0.015–0.030, and 0.030–0.045 generally contain 1 or 2, 3 or 4, and 5 or 6 splicing-negative differences, respectively. Exon pairs
with frequencies higher than 0.045 have been omitted as many of them are poorly aligned. Black bars: real exons; white bars, simulated exons. (B) Net
difference between the real and simulated sets is shown for each splicing-negative mutation category. (C) Same analysis as in A, except restricted to
splicing changes in which the directionality of the change was determined by the use of dog as an out-group. Thus, in this panel the mutations in human
exons can be considered ESE and ESS creations and disruptions rather than simply differences from macaque. (D) Same analysis as in A, but measuring
differences using two randomly chosen non-overlapping sets of equal numbers of non-ESEs and of non-ESSs as controls. Similar results comparing
macaque exons to human exons are presented in Supplemental Fig. S2.
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poor predictors of splice sites (Lear et al. 1990; Sun and Chasin
2000); a predicted “strengthening” can even have the opposite
effect (Carothers et al. 1993). Similarly, we do not yet understand
the possible combinatorial rules for ESE and ESS interaction. An
ESE can act as an ESS and vice versa depending on position
(Kanopka et al. 1996; Goren et al. 2006). Finally, compensatory
changes may be acting via changes in intronic motifs flanking
these exons (Zhang et al. 2003, 2005c; Yeo et al. 2005); we did not
search for intronic changes here in the absence of validated glob-
al sets of such motifs. The predicted compensatory trends were
evident in our experiments despite these limitations.

Specific examples of predicted compensation
or noncompensation

Some specific examples of the types of changes represented in
these statistics are shown in Figure 5. In Figure 5A we show the
loss of a single predicted ESE in human (top sequence) compared
to macaque (bottom sequence), together with the loss of a single
ESS, a potential case of motif compensation. In Figure 5B, a 12-
point weakening of a 5� splice site is shown, with a potential
compensation in the form of a gain in four ESEs and the loss of
one ESS. In Figure 5C we show a counter example, in which no
compensation is seen for the loss of three ESEs and the gain of
two ESSs. Admittedly, we cannot know the order of these events,
i.e., whether they represent compensation for or tolerance of a
deleterious mutation. These examples suggest that it may be pos-
sible to learn more about the effect of context on splicing by the
analysis of the two different combinations of elements that lead
to (presumably) productive splicing of orthologous exons, as well
as by the experimental manipulation and testing of such exon
pairs. Moreover, negative examples (see Fig. 5C) may serve as
useful datasets for discovering additional elements involved in
splicing regulation.

Global maintenance of exonic splicing motif numbers

The compensation model also predicts that to the extent that
human and macaque exons diverged from those of their com-
mon ancestor their gains and losses of splicing motifs should be
about the same overall. As can be seen in Figure 6, the average
difference in motif numbers for each exon pair is close to zero for

Figure 4. Compensation between splice-site changes and exonic splic-
ing motif changes (comparing human to macaque). (A) Splicing-positive
splice-site changes correlate with splicing-negative motif changes and
vice versa. The exonic splicing motif difference (ESMD) is defined as the
frequency of splicing-positive changes (ESE creations and ESS disruptions)
minus the frequency of splicing-negative changes (ESS creations and ESE
disruptions) in human relative to macaque. A positive ESMD is predicted
to promote splicing while a negative ESMD would discourage splicing.
Exons in the “weaker” set have one splice site at which the CV score
(consensus values) has decreased by at least 5 on a CV scale of 0–100 and
in which the other splice site has not increased by >5. Exons in the
“stronger” set are defined in the opposite way. Exons in the “unchanged”
set show no change at all in CV score for both 3� and 5� splice sites. The
results of a control using non-ESE/ESS motifs, as described in the legend
to Fig. 3D, are shown on the right. (B) Proportion of exons that have
undergone changes in splice-site sequence and splicing motifs reflects
compensation. Standard errors are indicated in both panels. The total
number of exons in the weaker, unchanged, and stronger sets are 2897,
20,855, and 3394, respectively. Similar results comparing macaque ex-
ons to human are presented in Supplemental Fig. S3.

Figure 5. Examples of compensatory and noncompensatory changes. Top sequences are human, bottom sequences macaque. Mutations are shaded,
ESEs are underlined, ESSs are in bold italics, exons are in upper case, and introns are in lower case. (A) Decrease of an ESE in human compensated by
the decrease of an ESS. Mutation 2 results in the absence of an ESE, potentially compensated by the presence of an ESS (mutation 1). (B) Weakened splice
site compensated by an increase of an ESE or decrease of an ESS or both. Mutation 7 weakens the 5� splice-site CV score from 89.4 to 77.4 (arrow), while
mutations 1, 2, 3, and 4 result in ESE appearances and mutation 3 disrupts an ESS as well. Mutations 5 and 6 are predicted to be neutral. (C) Decrease
in ESEs and increase in ESSs with no compensation. Mutations 1, 3, and 4 disrupt ESEs and mutation 2 creates two overlapping ESSs, with no further
changes in the exon.
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both ESEs and ESSs and is even smaller if considered as splicing
promotion (number of ESEs minus number of ESSs for each
exon). As a control for this measurement, we once again made
use of the simulated changes described above, reproducing the
same exact base differences from macaque to human but placing
them at randomly chosen synonymous positions. The differ-
ences in the simulated sets were one or two orders of magnitude
greater than those seen for real exons (Fig. 6). Without any evo-
lutionary constraint to maintain splicing efficiency, the ran-
domly placed mutations tend to disrupt ESEs and create ESSs.
Furthermore, the variance of differences of predicted splicing
motifs for each exon pair is significantly smaller in the real exon
data compared to the simulated set, demonstrating a tighter dis-
tribution of differences (Table 2). For instance, the variance for
splicing promotion differences is 9.09 � 0.006 for simulated mu-
tations compared to 8.24 for the real exons (P < 10�22). Thus, the
real differences between human and macaque exons are con-
strained, with exons being conserved as splicing units capable of
efficient inclusion in each species. Both human and macaque
exons reach an optimal composition of motifs to allow efficient
splicing, albeit sometimes by different routes. Similar results were
obtained from the analysis of differences in macaque relative to
human (where the simulation is distinct; Supplemental Fig. S4;

Supplemental Table S2) and when the directionality of the
changes was determined using the dog as an out-group (data not
shown).

Summary and implications

Predicted ESE and ESS motifs exhibit evolutionary behavior consistent
with their proposed function

In our previous work (Zhang and Chasin 2004; Zhang et al.
2005a), we defined putative splicing motifs as 8-mers; here they
were converted to 6-mers to enable their amalgamation with
analogous motifs described by the Burge laboratory (Fairbrother
et al. 2002; Wang et al. 2004). The latter were defined using
different strategies, and the sets from the two laboratories were
given approximately equal weight in the combined sets used
here. We found that these predicted exonic splicing enhancer
and silencer motifs exhibited evolutionary behavior consistent
with roles in promoting and inhibiting splicing, respectively.
This distinctive evolutionary behavior supports the overall qual-
ity of these sets as functional splicing motifs. In particular, the
ESEs and ESSs exhibited opposite evolutionary trends, consistent
with their interpretation as elements that act with a considerable
degree of autonomy. This contrary behavior would not be ex-
pected if ESEs and ESSs are considered to be facultative motifs
entirely dependent on context (“ESRs,” as proposed by Goren et
al. 2006). This is not to say that this autonomy is complete, as
there is experimental evidence that context can indeed deter-
mine the action of a splicing motif (e.g., Kanopka et al. 1996;
Goren et al. 2006). Rather, we conclude that ESEs and ESSs usu-
ally and overall act according to their designation.

Synonymous sites are subject to strong purifying selection

Over the last few years, different strategies have been used to
show that bases at synonymous sites overall are conserved, rather
than being neutral in evolution. Our findings support this idea
with the application of a little-used but straightforward normal-
ization method, that of comparing the rate of synonymous
change to that of intronic change. Although there have been
some differences in the magnitude and direction of this ratio (for
review, see Chamary et al. 2006), our results are close to those of
Hellmann et al. (2003) who found about a 40% lower Ks than Ki

comparing human to chimpanzee. We found that conservation
at synonymous sites is not limited to splicing motifs, implying
that many other non–protein-coding sequence elements are
functioning in mRNA. The pervasive presence of such elements
could be a major determinant of codon usage bias.

ESEs and ESSs are subject to purifying selection

The results reported here extend the findings of ESE conservation
reported in two recent studies (Parmley et al. 2006; Stadler et al.
2006). Parmley et al. (2006) reported low Ks values for ESEs com-
pared to non-ESEs and showed that the conservation was not due
to differential mutability caused by base composition or CpG
content. Our use of Ki extends this important control by normal-
izing for the mutability of each individual hexameric sequence.
Stadler et al. (2006) did take such mutability into account by
normalizing to the rate of change of each motif at 1000 ran-
domly chosen genomic locations. However, nonsynonymous as
well as synonymous changes were scored, allowing for some of
the conservation seen to be attributable to selection for protein
function. The Ks/Ki measurement used here eliminates protein-

Figure 6. Global maintenance of exonic splicing motifs (comparing
human to macaque). Motif change is defined as the number of ESE or ESS
hexamers in a human exon minus the number in its macaque ortholog.
Splicing promotion for an exon is defined as the ESE number minus the
ESS number for that exon. In the simulated sets, the same number and
type of differences seen in human exons were placed randomly among
synonymous sites of macaque exons, as described in the text. Similar
results simulating macaque differences in human exons are shown in
Supplemental Fig. S4.

Table 2. Variance of the distribution of differences in number of
motifs between human and macaque orthologous exons

Motif difference

Variance

Real set Simulated seta P-value

ESE 5.96 6.30 <10�11

ESS 1.72 1.95 <10�15

Splicing promotion 8.24 9.09 <10�22

aRandom positioning of human mutations relative to macaque.
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coding effects. It also allowed us to see a strong conservation of
non-ESE motifs in exons compared to introns, with the implica-
tion that an mRNA molecule contains many additional func-
tional elements in addition to those for protein coding and splic-
ing. ESSs have been less studied, although their conservation in
regions between alternatively used 5� or 3� splice sites has been
demonstrated (Stadler et al. 2006; Wang et al. 2006). Here we
have presented evidence that mutations resulting in the creation
of ESSs are also selected against, which would constitute a puri-
fying selection. Finally, our use of an out-group has allowed us to
track events as creations and disruptions rather than just as
changes.

ESEs and ESSs are subject to positive selection

Using Ki as a normalizing measure, Resch et al. recently presented
evidence for positive selection at synonymous sites in several
hundred human genes (Resch et al. 2007). The genomewide re-
sults reported here implicate positive selection for ESE creation
and for ESS destruction as contributors to this effect. This positive
selection is operating in constitutive exons but not alternative
exons, as might be expected if efficient splicing is selected against
in alternative exons.

Compensatory changes conserve exons as splicing units

Our previous experimental tests indicated that most ESEs in hu-
man exons are required for efficient splicing; i.e., extensive re-
dundancy was not present (Zhang et al. 2005a). That result,
coupled with evidence for positive selection reported here,
prompted us to search for evidence of compensation for changes
that discourage splicing by changes that encourage it. We inter-
pret this compensation in the following way. Despite a purifying
selection against changes that would tend to compromise effi-
cient splicing, such mutations nonetheless continue to appear.
Compensatory changes, the creation of new ESEs, the disruption
of old ESSs, and the strengthening of splice-site sequences, act to
ameliorate the effects of the deleterious mutations and are posi-
tively selected. The result is that net changes in splicing effi-
ciency are minimized, as was evidenced also by the global main-
tenance of exonic splice motif numbers. Thus, the compensatory
model paints a picture of exon evolution as a dynamic interplay
between helpful and harmful mutations, continuously at work.

Methods

Multiple alignments of orthologous exons and introns
Human ESTs and mRNA sequences were downloaded from the
UniGene database (ftp://ftp.ncbi.nih.gov/repository/UniGene/
Homo_sapiens/Hs.seq.all.gz) and were aligned to the assembled
genomic sequences obtained from (ftp://ftp.ncbi.nih.gov/
genomes/H_sapiens/) using Sim4. Only ESTs that span at least
two exon-exon joints were considered. A perl script was written
to retrieve the intron flanks from the alignment. Genes that ex-
hibited no intron-exon joints were excluded. The coordinates of
the exons and introns on the assembled genome were recorded.
Based on these coordinates, orthologous sequences from chim-
panzee, macaque and dog genomes were extracted from a 17-
genome multi-alignment available at http://hgdownload.cse.
ucsc.edu/goldenPath/hg17/multiz17way/. For introns, we ig-
nored the highly repeated sequences, which have been pre-
masked in the alignment files. We also ignored intronic se-
quences within 100 nt of exons, since these sequences are likely

to harbor intronic splicing signals (Zhang et al. 2003, 2005c) and
so be subject to selection. We surveyed 16.7 million nt of introns.
In the human–macaque comparisons we surveyed 59,221 consti-
tutive exons comprising 7.1 million nt. The corresponding num-
bers for the human–chimpanzee comparison were 56,949 and
6.8 million. Alternatively spliced cassette exons were chosen
solely on the basis of the human phenotype. We surveyed 3696
alternative cassette exons comprising 0.40 million nt in the hu-
man–macaque comparison; the corresponding numbers for the
human–chimpanzee comparison were 3675 and 0.40 million.

Predicted ESEs, ESSs, and control motif sets
We combined predicted exonic splicing signals from our previ-
ous studies, putative ESEs (PESEs), and putative ESSs (PESSs) with
RESCUE-ESE signals and FAS-hex3 ESSs, respectively, from Burge
and colleagues (Fairbrother et al. 2002; Wang et al. 2004; Zhang
and Chasin 2004; Zhang et al. 2005a). We merged the sequences
from both groups to make a more complete list of splicing sig-
nals. For calculation of Ks/Ki, we counted hexamer frequencies in
PESE octamers, collecting hexamers that occurred six or more
times. We then took the union of RESCUE-ESEs and PESE
hexamers. PESS hexamers and FAS-hex3 ESSs (Wang et al. 2004)
were merged in the same way. These operations resulted in an
ESE list and an ESS list comprising 469 and 246 hexamers, re-
spectively. The ESE and ESS lists are each made up of families of
sequences; sequences within each family vary slightly from one
another, strongly influencing their propensity to be disrupted or
created. To prepare control motif sets with this same degree of
coherence, we generated the reverse complements of the
hexamers in the ESE list and in the ESS list. The complementary
sets will also exhibit the same G+C content and will be subject to
identical position effects (if any) from their situation on the op-
posite strand. These control lists contained sequences that were
also classified as ESEs or ESSs. We purged the hexamers that were
common to the original lists and control lists, ending up with
403 ESE hexamers, 199 ESS hexamers and the same numbers of
control hexamers.

Slightly different sets of ESE and ESS hexamers were used to
study compensation. Hexamers that occurred seven or more
times in the PESE octamer set (238) were merged with 238
RESCUE-ESE hexamers (Fairbrother et al. 2002) resulting in an
ESE hexamer set of 400 unique sequences (omitting one that was
also in the ESS set). Similarly, 120 PESS-derived hexamers were
merged with 103 FAShex3 hexamers (Wang et al. 2004) to yield
217 unique ESS hexamers. Note that these hexamers sets were
not purged of complementary sequences as above, as these sets
were designed to be as complete as possible to maximize detec-
tion of compensatory changes. These hexamers (hexESEs and
hexESSs) are listed in Supplemental Table S3. We also created
larger hexamer sets (836 ESE hexamers and 477 ESS hexamers)
using more relaxed criteria for their occurrence within the longer
motifs sets (three or more for PESEs and PESSs and FAShex2
hexamers [Stadler et al. 2006]) and obtained essentially the same
results.

PESE and PESS octamers were taken from the updated online
lists at http://cubweb.biology.columbia.edu/pesx.

Calculation of Ks, Ka, and Ki and the odds ratio of Ks and Ki

Ks and Ka were calculated according to Li (1993). To compute Ki,
we first computed the proportion of nonidentical sites in the
aligned (no gap) segments of introns and then used a Poisson
distribution to estimate the average substitution rates.

To discriminate the direction of mutations, we used the out-
groups as ancestral references and considered synonymous/
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intronic substitutions that disrupt or create ESEs or ESSs sepa-
rately. A substitution is considered to disrupt an ESE if it converts
an ancestral ESE to a non-ESE in either in-group species. Con-
versely, a substitution is said to create an ESE if it converts a
non-ESE in the out-group genome to an ESE in either in-group
genome. Changes involving CpG dinucleotides present in any
species were ignored. The frequencies of synonymous substitu-
tions that disrupt or create ESEs or ESSs are designated as Ks disrupt

and Ks create, respectively. Similarly, Ki disrupt and Ki create represent
the frequencies of intronic substitutions that change ESE and ESS
sequences. The odds ratio (OR) was used to compare the ratios of
mutation rates; log(OR) approximately follows a normal distri-
bution with simple standard deviations (Bland and Altman
2000). For Ks and Ki, OR was approximated by

OR =
Nss��Ns − Nss�

Nis��Ni − Nis�
or

Ks��1 − Ks�

Ki��1 − Ki�
,

where Nss is the number of synonymous substitutions, Ns is the
number of synonymous sites examined, Nis is the number of
intronic substitutions, and Ni is the total number of alignable
intronic nucleotides examined. The confidence interval of ORs
can be estimated using the logarithm of ORs, which approxi-
mately follows a normal distribution with a standard variance of

��ln�OR�� = ��1��Ns − Nss�� + �1�Nss� + �1��Ni − Nis�� + �1�Nis�.

See Bland and Altman (2000) for details.

Splicing motif changes
The creation of an ESE was defined as an event in which at least
one ESE was created by a single base substitution at a position at
which there was no ESE among the six hexamers overlapping the
base that was changed. The disruption of an ESE was defined as
an event in which a single base substitution removed any and all
ESE hexamers overlapping the base that was changed. ESS cre-
ation and disruption were similarly defined. A splicing-negative
event (spl�) is defined as a mutation that either creates an ESS or
disrupts an ESE; a splicing-positive event (spl+) is defined as ei-
ther disrupting an ESS or creating an ESE. Compensatory changes
were measured at all exonic sites, including CpG dinucleotides
and nonsynonymous sites.

Simulated mutations
We simulated human exon mutants by retaining all exonic non-
synonymous mutations while randomly replacing synonymous
mutations with the same number and type (e.g., T to A) of exonic
synonymous mutations compared to their macaque exon ortho-
log. This strict exon simulation maximally mimicked the syn-
onymous mutational differences between human and macaque
and sought to create a set of changes in which only selection for
splicing effects had been minimized. In the same way, we simu-
lated macaque exon mutants with respect to human orthologs.
In the simulation of human exon mutants using dog as an out-
group, the restrictions were even stricter as only those mutations
that were unique in human (macaque and dog being the same)
were randomly replaced. The use of simulated exons as a control
circumvents the problem posed by exons that have suffered an
unusually large number of mutations, as these would show a
correlation between mutations of any sort, and will be evident in
the control.

Grouping exons with splicing-negative changes
Exons were separated into four groups according to their fre-
quency of exonic splicing-negative events relative to their ortho-

log. Exons in the first group have zero exonic splicing-negative
events; exons in the second group have a frequency up to 0.015
spl� mutations per nucleotide, and so on, up to 0.045. There
were generally 1–2, 3–4, and 5–6 spl� mutations in the 0–0.15,
0.015–0.03, and 0.03–0.045 frequency sets, respectively. Exons
with frequencies higher than 0.045 were omitted as most of them
exhibited poor overall alignments.

Compensation between splice-site differences and exonic
splicing motif differences
The exonic splicing motif difference (ESMD) is defined as the
number normalized by exon length of splicing-positive differ-
ences (ESE creations and ESS disruptions) in human relative to
macaque minus the number of splicing-negative differences (ESS
creations and ESE disruptions). A positive ESMD is predicted to
enhance splicing while a negative ESMD would weaken splicing.
Splice-site strengths were estimated using consensus values (CV)
as described previously (Zhang et al. 2005b).
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