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Comparison of human and mouse genomes has revealed that many non-coding regions have levels of
sequence conservation similar to protein-coding genes. These regions have attracted a lot of attention as
potentially functional genomic sequences. However, little is known about the effect mutations in these
conserved non-coding regions have on fitness and how many of them are present in the human genome
as deleterious polymorphisms. To gain insight into the selective constraints imposed on conserved
non-coding and protein-coding regions, we compared substitution rates in primate and rodent lineages
and analyzed the density and allele frequencies of human polymorphism. Genomic regions conserved
between primate and rodent groups show higher relative conservation within rodents than within primates.
Thus, our analysis indicates a genome-wide relaxation of selective constraint in the primate lineage, which
most likely resulted from a smaller effective population size. We found that this relaxation is much more
profound in conserved non-coding regions than in protein-coding regions, and that mutations at a large proportion of sites in conserved non-coding regions are associated with very small fitness effect. Data on human
polymorphism are also consistent with very weak selection in conserved non-coding regions. This staggering enrichment in sites at the borderline of neutrality can be explained by assuming an important role for
synergistic epistasis in the evolution of non-coding regions. Our results suggest that most individual
mutations in conserved non-coding regions are only slightly deleterious but are numerous and may have
a significant cumulative impact on fitness.

INTRODUCTION
Comparative analysis of mammalian genomes has detected
numerous conserved non-coding regions (1 –5). The degree
of similarity of human and mouse DNA sequences in these
regions is frequently higher than that in protein-coding genes
(3,5). This high level of sequence conservation suggests that
many mutations in these regions are rejected by natural selection and, therefore, are not phenotypically neutral. However,
the extent to which mutations in different regions ultimately
affect molecular function and organism’s fitness remains an
open question. Currently, it is not technologically feasible to
study directly the functional effects of mutations in conserved
regions on a genome-wide scale. However, we can study the
effect of nucleotide substitutions on function indirectly by
analyzing the associated forces of natural selection (6).
It has been suggested that the degree of sequence
conservation can be used to guide the search for phenotypically

important DNA variants, especially in non-coding regions,
where other known sources of information might be scarce
(7). The reasoning behind this idea is straightforward and intuitively appealing; the higher the conservation of the region, the
more detrimental, on average, will be the mutations in this
region. However, the relationship between the strength of
natural selection and the sequence conservation is truly
complex for two reasons. First, a relative loss in fitness associated with mutation of a particular nucleotide affects the probability of this nucleotide being conserved in highly non-linear
manner (8). Secondly, mutations of individual nucleotides in
a region can have effects on fitness ranging from neutral to
extremely deleterious. As a result, an observed overall sequence
conservation is an integral value generated by a mixture of sites
that is potentially very heterogeneous. Thus, two hypothetical
regions with distinct proportions of absolutely crucial, mildly
important and neutral sites may have identical sequence
conservation.
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To gain insight into the fine structure of evolutionary forces
operating on human genome, we need to venture beyond the
analysis of primate/rodent conservation. The availability of
two pairs of closely related genomes [human/chimpanzee
(9,10) and mouse/rat (1,11)], along with the extensive data
on human polymorphisms, allowed us to systematically
study and compare the selective constraints in primate
versus rodent lineages and in ‘conserved protein-coding’
versus ‘conserved non-coding’ regions. Our first major observation from this analysis was that the selective constraints are
much stricter in rodents. The proportion of fixed mutations at
regions conserved in primates and rodents was lower in the
rodent lineage than that in the primate lineage. The higher
effective size of the rodent population is translated into a
more efficient purifying selection process which, in turn,
leads to the accumulation of fewer slightly deleterious substitutions. The difference in the rates of accumulation of substitutions in primate and rodent lineages is particularly apparent
in conserved non-coding regions, where primates have accumulated significantly more slightly deleterious mutations
than rodents have. Although this effect was predicted by classical population genetics (8), the magnitude evident from a
genome-wide analysis is intriguing. This profound relaxation
of selective constraints in the primate lineage relative to the
mouse lineage can be explained only if many mutations in
these regions are associated with small, almost neutral,
effects on fitness. If the selection coefficients of many
mutations in a region are ‘concentrated’ at the border
between random genetic drift and natural selection, a several
fold decrease of the effective population size and a corresponding elevation in genetic drift will lead to an observed
sharp increase in rates of accumulation of substitutions.
To gain a better understanding of the evolutionary
mechanisms underlying the observed results, we estimated
the distributions of selection coefficients associated with
nucleotide substitutions in conserved protein-coding, intronic
and intergenic regions. For all categories of regions, we analyzed a range of parameters: (i) the number of substitutions
per site accumulated between human and chimpanzee DNA
sequences (Khc); (ii) the number of substitutions per site accumulated between mouse and rat DNA sequences (Kmr); (iii)
the nucleotide diversity within the human population (p)
and (iv) the fraction of polymorphic variants in the human
population with the frequency of a derived allele ,5%
(F0.05). The theoretical dependence of these parameters on
the selection coefficient has been well-studied in population
genetics (8,12,13). We computationally generated a large
spectrum of possible probability density functions for selection coefficient and determined which of them produced
parameter values similar to the observed values. The analysis
of estimated probability density functions revealed their full
correspondence with a more qualitative interpretation of our
data discussed earlier.
As a concluding step of our analysis, we propose a model of
evolution of non-coding regions that explains this staggering
enrichment in sites at the borderline of neutrality. The
key assumption of the model is the presence of synergistic
epistasis (14) between individual substitutions, when each
new mutation has a greater impact on their accumulation.
Under such a model, the observed distribution of selection

coefficients emerges as an equilibrium state, which resulted
from the interplay between degrading mutational pressure
and natural selection.

RESULTS AND DISCUSSION
Divergence and polymorphism in conserved
genomic regions
We determined human – chimpanzee divergence (Khc) and
mouse– rat divergence (Kmr) in conserved protein-coding,
intronic and intergenic regions. In protein-coding regions,
the values of Khr and Kmr were determined separately for
three categories of sites: (i) non-degenerate codon positions
at which any mutation is causing a substitution in amino
acid sequence; (ii) 4-fold degenerate codon positions at
which all possible substitutions are synonymous and (iii) all
nucleotide positions combined (including 2-fold and 3-fold
degenerate sites). We also estimated the values for Khc and
Kmr in putative neutrally evolving genomic regions. Data on
Khc and Kmr are presented in Figure 1 (A and B, respectively).
As CpG dinucleotides prone to methylation are known to
mutate in mammals at extremely high rate which exceeds
genome-wide average by an order of magnitude, inclusion of
these sites may result in biased estimates of divergence and
polymorphism rates. To avoid various biases introduced by
hypermutable CpG nucleotides, we exclude all nucleotide positions preceded by C or followed by G from all divergence and
nucleotide diversity calculations. However, we note that
inclusion of CpG sites does not change the results and conclusions of our analysis.
To compare the data on divergence in different lineages
directly, the obtained values need to be normalized to the
neutral level of divergence observed in the corresponding
lineage in the absence of selective pressure. For putative neutrally evolving regions, we now used accurately filtered noncoding non-repetitive genomic regions remote from splice
sites and putative transcription initiation and termination
sites. Predicted putative exons (including suboptimal) were
also excluded.
For all regions, we found that reduction in divergence relative to the neutral level was more pronounced in the rodent
lineage than that in the primate lineage (Kmr/K0mr , Khc/K0hc).
The difference in the number of fixed mutations normalized
to the neutral divergence between human and mouse lineages
was especially profound in conserved non-coding sequences—
a 2.1-fold in intergenic and a 1.7-fold in intronic regions. In
contrast, only a 12% difference was observed in proteincoding regions, although we detected a 1.9-fold difference,
if only non-degenerate sites were considered. The reduction
of selective constraint for non-synonymous substitutions in
the human lineage was earlier studied by Eyre-Walker et al.
(15), and the very strong widespread relaxation of selection
in promotor regions was recently reported by Keightley
et al. (16).
Note that the levels of divergence between mouse and rat
DNA sequences in conserved coding, intronic and intergenic
regions, which we have selected, are similar. These regions
were selected using the same conservation threshold
between primates and rodents. Because rodent evolution is
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Figure 1. Selective constraints in human and mouse lineages: (A) number of substitutions (per nucleotide) accumulated between mouse and rat (Kmr/K0mr); (B)
number of substitutions (per nucleotide) accumulated between human and chimpanzee (Khc/K0hc); (C) nucleotide diversity in the human population (p/p0) and
(D) fraction of polymorphic variants in the human population with the frequency of a derived allele ,5% (F0.05). A calculated theoretical value corresponding to
the absence of selection is shown as a genome average for F0.05. In Figures A, B and C the left scale shows absolute values and the right shows values normalized
to the neutral level.

generally faster than primate evolution in terms of the number
of accumulated substitutions, the conservation between primates and rodents is more characteristic for the rodent
lineage. It is also possible that the effective population size
of ancestral populations in both lineages was closer to
rodent population size than to primate population size.
The observed increase in the rate of substitution accumulation in the human lineage in conserved non-coding
genomic regions can be explained in two ways: as a
massive, genome-wide increase in positive selection acting
on functional non-coding regions of the human genome or
as a relaxation of purifying selection acting on these regions.
We can distinguish between these two possibilities by
analyzing the polymorphism in the human population. Under
positive selection, the decrease in divergences relative to the
neutral level is expected to be more pronounced than the corresponding decrease in nucleotide diversity, for the same
genomic region in the same population (13,17). In contrast,
under relaxed selective constraints, the relative decrease in
nucleotide diversity should be lower than the relative decrease
in divergence. We calculated the nucleotide diversity (p) in
conserved protein coding, conserved non-coding and putatively neutrally evolving regions of the human genome. A
set of almost a million polymorphic sites identified as differences between Celera individual A and NCBI human
genome assembly was used for such calculation. Other publicly available data sets of human single nucleotide polymorphisms (SNPs) obtained by comparison of shotgun reads
give qualitatively highly similar results, although numerical
values of estimates vary.
Calculated values of p in different genomic regions are
shown in Figure 1C. The relative decrease in nucleotide diversity when compared with the neutral level was slightly lower
than the relative decrease in the number of substitutions
accumulated in the human lineage, indicating the transient

presence of deleterious mutations in the human genome in
the form of polymorphisms (18,19). The number of such
mutations appears to be large, as the difference between
p/p0 and Khc/K0hc is apparent from a genome-scale analysis.
A clear trend is evident in the conserved non-coding regions:
Kmr/K0mr , Khc/K0hc , p/p0. On the basis of these data, we
proposed that the observed increase in the rate of accumulation of nucleotide substitutions in conserved non-coding
regions in the primate lineage is a product of the reduction
in the effective population size that resulted in increased
random genetic drift. However, the magnitude of the increase
can be explained only if we assume that a very high proportion
of sites in non-coding regions was subject to a weak selection
on the borderline of neutrality.
The theoretical dependence of Kmr/K0mr, Khc/K0hc and p/p0
on selection coefficient s is presented in Figure 2. The
decline in the divergence occurs within a relatively narrow
range of values of selection coefficients and occurs at higher
values of s for smaller populations. Sites at which substitutions
are associated with selection coefficients close to 1025 mutate
at almost a neutral rate in the primate lineage but are highly
conserved in the rodent lineage because of its larger population size. We propose that many sites in conserved noncoding regions of mammalian genomes are subject to such
weak selection. Under such model, even a moderate increase
in the strength of random genetic drift in the human lineage
would lead to the conservation of a large proportion of nucleotides in non-coding sequences in rodents, but not in humans.
Not only are the number of polymorphic variants strongly
affected by the strength of natural selection acting on a
genomic region but so are the frequencies of these variants
in a population. Strict selective constraints lead to a decrease
in the average frequency of new variants, which are usually
deleterious. We calculated the fraction of SNPs with a derived
allele frequency ,5% (F0.05) in conserved protein-coding and
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1023.5, indicating that the majority of non-synonymous
substitutions have significant deleterious effects. In contrast
to non-degenerate sites, entire conserved protein-coding
regions contain a significant proportion of effectively neutral
sites, mutations at which selection coefficients are less than
1026.5. The proportion of such sites roughly corresponds to
the proportion of synonymous sites in protein-coding
sequences, mutations at which are considered to be mostly
neutral in mammals. Our analysis suggests that mutations in
55% of sites in conserved intergenic regions are associated
with small, but non-zero values of selection coefficients
more than 1025.5 but less than 1023.5. In conserved intronic
sequences, 35% of sites fall into this category.
Proposed role of synergistic epistasis in the evolution
of non-coding regions
Figure 2. Theoretical dependence on selection coefficient for number of substitutions between mouse and rat (normalized to the neutral level) [dark blue
line (Kmr/K0mr)]; number of substitutions between human and chimpanzee (normalized to the neutral level) [light blue line (Khc/K0hc)]; nucleotide diversity in
the human population (normalized to the neutral level) [red line (p/p0)] and
fraction of polymorphic variants in the human population with the frequency
of derived allele ,5% [green line (F0.05)].

non-coding regions of the human genome. We used F0.05 as a
measure of the excess of rare-derived allelic variants. The calculated values F0.05 in different genomic regions are shown in
Figure 1D and their theoretical dependence on the strength of
selective pressure is shown in Figure 2. The excess of new rare
alleles was the highest for non-degenerate sites in proteincoding sequences, followed by the value for all sites in conserved protein-coding regions and then by the intronic and
intergenic regions. This observation is in accord with our
current beliefs that non-synonymous substitutions are the
most deleterious form of single nucleotide mutations.

Distribution of selection coefficients
To characterize the observed differences in selective pressure
acting on the conserved protein and non-protein coding
regions in a more rigorous, quantitative manner, we estimated
the distribution of selection coefficients in these regions using
a computational ‘exhaustive search’ method. We generated a
large spectrum of possible probability density functions of
selection coefficients and determined which of them produced
values of Khc, Kmr and F0.05 similar to the observed values. In
previous reports, the probability density function of selection
coefficients for protein-coding regions was modeled by a
gamma function (20). However, there is no reason to believe
that the same function can be applied to non-coding regions.
For maximal generality, we modeled the probability density
function describing the distribution of selection coefficients
by a histogram.
The distributions that provided the best fit for the observed
values of Khc, Kmr, p and F0.05 parameters in conserved
protein-coding, intronic and intergenic regions are shown in
Figure 3. Our results indicate that 80% of non-degenerate
sites are associated with selection coefficients higher than

We found that mutations in a large proportion of sites in conserved non-coding regions have selection coefficient values
approaching 1/Ne (where Ne is an effective population size).
To understand this interesting feature, one should consider
factors that affect the accumulation of substitutions at such
mildly important sites. The fate of a slightly deleterious
mutation is determined by the interplay of selection and
random genetic drift. The strength of natural selection
becomes smaller than the effect of random genetic drift,
when the product of effective population size and selection
coefficient is close to 1. Such a ‘neutrality boundary’ for the
mouse population corresponds approximately to selection
coefficients equal to 1025. For the human population, which
has a smaller effective size, this boundary corresponds to
selection coefficients equal to 1024.
The calculated distributions of selection coefficients
(Fig. 3C and D) indicate that the conserved non-coding
regions contain a high proportion of sites with selection coefficients, which lie between neutrality boundaries for the mouse
and human populations. The phenomenon of synergistic epistasis offers an excellent explanation for the observed effect
of the enrichment of conserved non-coding sequences in
sites on the border of neutrality [a similar reasoning was
initially proposed by Akashi (21,22) in the analysis of weak
selection on synonymous substitutions]. The assumption of
synergistic interactions between sites implies that an individual mutation has a greater effect on an organism that is
already loaded with mutations. The higher the number of
deleterious mutations in the region, the greater the impact
on fitness (higher selective coefficient) of a new mutation.
Consider a functional genomic region composed of nucleotides with their small individual effects contributing to the
absolute fitness. Mutation at each site is more likely to be deleterious than beneficial and, on average, to result in the divergence of a sequence from the optimum by mutational
pressure. With each new fixed mutation, all remaining nonmutated sites become slightly more important, as follows
from our assumption of synergistic interactions. The equilibrium state of this process corresponds to the point at which
the selection coefficients of the majority of sites are just high
enough to prohibit the fixation of new mutations. The probability of fixation of a new allele becomes close to zero when
the selection coefficients exceed 1/Ne. The process of evolution
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Figure 3. Estimated distributions of selection coefficients in conserved genomic regions. (A) Non-degenerate sites in protein-coding sequences; (B) all sites in
protein-coding sequences; (C) intronic sequences and (D) intergenic sequences.

of a region can be considered as its traveling between distinct
‘states’ with various numbers of sites that differ from the
region’s optimal sequence. In the model we considered,
the fitness depends only on the total number of nucleotides
that match the optimal sequence. The probability of transition
between different ‘states’ is affected by selective pressure and
random genetic drift. The exact solution for the probability distribution of site’ selection coefficients, which corresponds to
equilibrium steady state of the described process, can
be obtained by applying the mathematical framework of
‘birth – death processes’ that we used (see Data, formulas and
methods) (23). The same solution can be obtained within framework of statistical physics (24). To illustrate the model, we
considered a sample function that describes the fitness dependence on the number of nucleotides that differ from a region’s
optimal sequence. Such a function was chosen to satisfy two criteria. First, to reflect a behavior characteristic of synergistic
epistasis, a decline in fitness with an accumulation of mutations
should be slower than the exponential. Secondly, the selection
coefficient associated with a first substitution in an optimal
sequence should be lower than the random genetic drift boundary; otherwise, the region will maintain 100% conservation.
The sample function and calculated equilibrium probability
density of corresponding selection coefficients are shown in

Figure 4 (A and B, respectively). Indeed, we can observe a
peak at selection coefficients close to the random genetic drift
boundary.

CONCLUSION
One of the major advantages of comparative genomics is in the
identification of highly conserved genomic regions (7).
Sequence conservation was proposed as particularly useful for
the detection of potentially functional regions that can harbor
mutations and polymorphic variants affecting phenotypes (7).
Numerous studies are aimed at identifying frequent polymorphic variants of large effect on specific phenotypes (25).
It was hypothesized that, unlike Mendelian diseases, which
are caused predominantly by mutations in protein-coding
regions (26), complex phenotypes may also be inherited
through sequence changes in conserved non-protein-coding
regions (6,25). Genetic variation in cis-acting loci has been
shown to contribute to variation in gene-expression levels (27–
29), although, to date, the success in identification of the cisacting regulatory single nucleotide variants has been limited (30).
However, our analysis shows that an average mutation in a
highly conserved non-coding region is much less likely than a
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Figure 4. Modeled distribution of selection coefficients of sites. (A) Sample function describing fitness dependence on a region’s divergence from its optimal
sequence in a manner consistent with synergistic epistasis model; (B) corresponding distribution of selection coefficients.

mutation in a protein-coding region to have a large effect on
fitness, and presumably on phenotype. Therefore, sequence
conservation is not a very reliable guide when searching for
polymoprhic variants of large effect. In contrast, polymorphic
variants of small effect are numerous in conserved non-coding
regions. Their cumulative effect may be substantial, and
inheritance of some phenotypes may be explained by a large
number of simultaneously acting non-coding variants.

DATA, FORMULAS AND METHODS
Selection of annotated protein-coding, intronic
and intergenic regions
Multiple genome alignments (31) and annotation tracks were
obtained from University of California, Santa Cruz (UCSC),
Genome Bioinformatics FTP site (32). Human genome assembly hg17, chimpanzee genome assembly PanTrot1, mouse
genome assembly mm5 and rat genome assembly rn3 were
used. Protein-coding regions are defined as regions that are
annotated as protein coding in the refGene (33) track and
have no conflicting annotations in either the refGene track
or the knownGene track (based on proteins from SWISSPROT, TrEMBL and TrEMBL-NEW (34) and their corresponding mRNAs from GenBank). Intronic sequences are
defined as regions that are annotated as intronic in the
refGene track, have no conflicting annotations in the
refGene and knownGene tracks, and were not predicted to
be protein coding by GeneID (35) and GENSCAN (36) programs (tracks geneid, genscan and genscanSubopt). Intergenic
regions are defined as regions that are not annotated as genes
in the RefGene, KnowGenes, mrna, GeneID, GeneScan and
GeneScanSubopt tracks, do not correspond with any
expression sequence tag (EST) and are not located within
gene boundaries predicted from EST cluster analysis (rnacluster track). Fifty nucleotides adjacent to exon/intron boundaries
were excluded from intronic and intergenic sequences. The
neutral divergence and polymorphism rate were estimated on
the basis of combined intronic and intergenic sequences,
which are remote from splice sites (for at least 0.5 kb) and
putative transcription initiation and termination sites (for at
least 2 kb). Sequences corresponding to repetitive elements

predicted by RepeatMasker (Smit and Green, unpublished
data) were excluded from all types of regions.
Selection of conserved regions
Selection of conserved regions on the basis of human/mouse
nucleotide identity restrict a number of bases with substitution
in human lineage after divergence with chimpanzee and in
mouse lineage after divergence with rat. This would lead to
an underestimation of Khc and Kmr. The bias can be avoided
if different nucleotides are used in the process of choosing
conserved regions and in calculating divergence. Regions of
primate/rodent conservation were identified as 50 nucleotide
windows that have human/mouse sequence identity .90%
at odd (not divisible by two) nucleotide positions.
Conserved genomic regions selected using the aforementioned procedure mostly coincide with conserved regions
selected based on simple sequence identity. Further, the analysis of conserved regions selected on the basis of simple
sequence identity produces qualitatively similar results.
Calculation of divergence
The numbers of substitutions between human and chimpanzee
and between mouse and rat were calculated at nucleotide positions that passed following filters. First, to avoid mistakes
introduced by ambiguous alignment, nucleotide positions
that are adjacent to gaps or unidentified nucleotides were
excluded from the analysis. Secondly, to exclude the effect
of hypermutable CpG dinucleotides, positions that were preceded by C or followed by G in either of two closely related
genomes were excluded from the analysis. Thirdly, to avoid
bias introduced by the procedure of choosing conserved
regions, nucleotides at odd positions that were used to identify
these regions were excluded from further analysis. The
divergence was calculated from the observed number of
accumulated substitutions per site using the Jukes – Cantor
correction (37).
Analysis of polymorphism
As a best possible proxy for nucleotide diversity, we calculated a polymorphism density using 917853 random SNPs
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Figure 5. Representation of sequence evolution in the framework of birth–death processes. L is the sequence length, hi the probability of a state with i ‘bad’
nucleotides, li the probability of the region transition from a state with i ‘bad’ nucleotides into a state with iþ1 ‘bad’ nucleotides and ciþ1 the probability of the
region transition from a state with iþ1 ‘bad’ nucleotides into a state with i ‘bad’ nucleotides.

detected by alignment of sequencing reads from individual A
of Celera Human Genome sequencing project (10) to the
NCBI human genome assembly (9) (build34). Density of polymorphisms identified by comparison of two genomic
sequences should be, by definition, directly proportional to
nucleotide diversity. Individual A was chosen as one that
has the highest number of detected SNPs (presumably due to
best genome coverage). SNP set was obtained from dbSNP
(build 123, method_id ¼ 1550) (38). The fractions of new
rare alleles were estimated using the data on allele frequencies
generated by ‘A database of Japanese Single Nucleotide Polymorphisms’ (JSNP) project (39). The ancestral allele was
determined from the chimpanzee sequence.
Estimation of selection coefficients
Possible distributions of selection coefficients (s ) were modeled
by a 10-column histogram that contained bins corresponding to
neutral sites (s , 1026.5), sites under very strong selection
(s . 1022.5) and eight intermediate categories of sites with
selection coefficients in the range of 1026.5 –1022.5. Proportions
of sites were allocated to each histogram category in 5%
minimal ‘blocks’. All possible histograms in this grid were
exhaustively searched. Histograms of selection coefficients
best reproducing the observed data on polymorphism and divergence were chosen. To guarantee the stability of obtained histograms with respect to small deviation in the observed values,
and for data representation, 10 categories were joined into
three: neutral (sites with a selection coefficient lower than
1025.5), slightly deleterious (sites with a selection coefficient
higher than 1025.5 but lower than 1023.5) and deleterious
(sites with a selection coefficient higher than 1023.5).
Theoretical values for the number of accumulated substitutions corresponding to a particular selection coefficient, in
assumption of no dominance, were calculated using the
following formula (8,13):
K ¼ K0 2N e

ð1  e2s Þ
ð1  e4Ne s Þ

2Ne s þ e2Ne s  1
Ne sð1  e2Ne s Þ

where m is the number of sequences used for SNP detection.
We assume here that after SNP detection in a set of m individuals, allele frequencies were estimated by genotyping in a very
large sample of individuals.
Parameter m was set to 2, because using this value produces
the best fit for the practically linear tail of distribution of new
allele frequencies observed for the entire JSNP data set. To
measure the similarity of the theoretical values of Kh, Km,
p and F0.05 to the observed ones, the following empirical
measure of dissimilarity was used:

D¼

ðK mtheoretical  K mobserved Þ2 ðK htheoretical  K hobserved Þ2
þ
K mtheoretical
K htheoretical
þ

theoretical
observed 2
ðp theoretical  p observed Þ2
1 ðF0:05
 F0:05
Þ
þ
theoretical
theoretical
10
p
F0:05

ð4Þ
For D calculation, we assumed that Km ¼ Kmr/2 and
Kh ¼ Khc/2.
There are very few SNPs in JSNP data set with known
frequencies located in intergenic regions. Because of that
only Km, Kh and p terms were used to calculate values of D
in conserved intergenic regions.

ð1Þ

where K is the divergence, K0 the neutral divergence in the
absence of natural selection, s the selection coefficient and
Ne the population effective size.
The effective sizes of the mouse and human populations
were considered to be 85 000 (40) and 10 000 (41), respectively. Theoretical values for nucleotide diversity for a
particular selection coefficient were calculated as follows:

p ¼ p0

where p is the nucleotide diversity, p0 the neutral nucleotide
diversity in the absence of natural selection and Ne the effective population size.
A theoretical value for the fraction of rare alleles was
calculated with the following formula (8,13):
Ð 0:05
½ 0 ðe2Ne sð1xÞ  1=xð1  xÞðe2Ne s  1ÞÞ
ð1  xm  ð1  xÞm Þdx
F0:05 ¼ Ð 1
ð3Þ
½ 0 ðe2Ne sð1xÞ  1=xð1  xÞðe2Ne s  1ÞÞ
ð1  xm  ð1  xÞm Þdx

ð2Þ

Synergistic epistasis through the framework
of birth –death processes
Evolution of a genomic region can be considered within a
mathematical framework of ‘birth –death’ processes. A
region comprising L nucleotides can exist in Lþ1 distinct
‘states’ corresponding to a number of deleterious substitutions
it contains (i.e. nucleotides that differ from some optimal consensus sequence) (Fig. 5). For simplicity, consider that, at each
position, only one of four nucleotides is favorable (a ‘good’
nucleotide) and the other three are deleterious (‘bad’ nucleotides). We are interested in the equilibrium distribution
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across all possible states (hi at equilibrium). This distribution
can be considered as either the probabilities of one particular
region being at the particular state or the proportion of many
genomic regions that are at some particular states.
Under equilibrium, net flow at each state is equal to zero:

hi li ¼ hiþ1 ciþ1

ð5Þ

The recursive formula for an equilibrium distribution can be
obtained:

hiþ1 ¼

li
h
Ciþ1 i

ð6Þ

where li is the probability of the region transition from a state
with i ‘bad’ nucleotides into a state with iþ1 ‘bad’ nucleotides
and ciþ1 is the probability of the region transition from a state
with iþ1 ‘bad’ nucleotides into a state with i‘bad’ nucleotides.
Transition probabilities from state to state li and cIþ1 can
be calculated as follows:

li ¼ mðL  iÞ

ð1  e2s Þ
ð1  e4Ns Þ

1
ð1  e2s Þ
Ciþ1 ¼ m ði þ 1Þ
3
ð1  e4Ns Þ

ð7Þ
ð8Þ

where m is the mutation rate, 1/3 is the probability of a
mutation to be beneficial (to convert a ‘bad’ nucleotide into
a ‘good’ one), N the effective population size and s the selection coefficient with a new mutation. s is calculated as follows:
s¼1

Fiþ1
Fi

ð9Þ

where si is the selection coefficient associated with mutations in
the regions that contains i ‘bad’ nucleotides and Fi is the fitness
associated with a region that contains i ‘bad’ nucleotides.
To incorporate interactions between deleterious mutations
characteristic of synergistic epistasis, the following formula
for fitness depending on the number for deleterious mutations
(‘bad’ nucleotides) was used:
Fi ¼

1
1 þ 104 e10ði=LÞ

ð10Þ

h0 can be obtained from consideration of normalization that
the sum of all hi should be equal to 1.
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