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Chromosomal location effects on gene sequence evolution in
mammals
Giorgio Matassi*†, Paul M. Sharp* and Christian Gautier‡

Background: Nucleotide substitution rates and G+C content vary considerably
among mammalian genes. It has been proposed that the mammalian genome
comprises a mosaic of regions — termed isochores — with differing G+C
content. The regional variation in gene G+C content might therefore be a
reflection of the isochore structure of chromosomes, but the factors influencing
the variation of nucleotide substitution rate are still open to question.

Results: To examine whether nucleotide substitution rates and gene G+C
content are influenced by the chromosomal location of genes, we compared
human and murid (mouse or rat) orthologues known to belong to one of the
chromosomal (autosomal) segments conserved between these species.
Multiple members of gene families were excluded from the dataset. Sets of
neighbouring genes were defined as those lying within 1 centiMorgan (cM) of
each other on the mouse genetic map. For both synonymous substitution rates
and G+C content at silent sites, neighbouring genes were found to be
significantly more similar to each other than sets of genes randomly drawn from
the dataset. Moreover, we demonstrated that the regional similarities in G+C
content (isochores) and synonymous substitution rate were independent of
each other.

Conclusions: Our results provide the first substantial statistical evidence for
the existence of a regional variation in the synonymous substitution rate within
the mammalian genome, indicating that different chromosomal regions evolve at
different rates. This regional phenomenon which shapes gene evolution could
reflect the existence of ‘evolutionary rate units’ along the chromosome.

Background
In mammalian genomes, variation at silent sites — that is,
synonymously variable positions within protein-coding
genes — has been considered to be largely neutral [1] and
so may be indicative of the fundamental rates and patterns
of mutation [2–5]. It is therefore interesting that the evo-
lution of silent sites varies dramatically among genes in
two respects. First, genes vary enormously in their pat-
terns of codon usage, with G+C content at silent sites
ranging from about 30% to 95% [6]. Second, genes differ
substantially in their rates of evolution at silent sites, with
an approximately 20-fold variation among genes compared
between the same pair of species [7].

Extensive analyses of G+C content variability in mam-
malian genomes have been carried out using both experi-
mental and statistical approaches. These have provided
strong evidence that the G+C content of a gene is related
to its chromosomal location. Indeed, it has been proposed
that the mammalian genome comprises a mosaic of
regions with differing G+C content, which have been
termed ‘isochores’ (see [8] for a review). As sequence data
for mammalian genes accumulated, it became apparent

that the G+C content at silent sites, within introns, and in
5′ and 3′ flanking regions are all correlated [9–11], consis-
tent with the idea that this variation reflects a local chro-
mosomal effect. There have also been reports that
neighbouring genes have similar G+C content at silent
sites [4,12,13], but these analyses have included only very
small numbers of genes, and in many cases these were
members of gene families which may be similar because
of their common functional constraints.

Mammalian genes vary systematically in their rates of syn-
onymous substitution, in so far as the rate of any particular
gene is maintained across different mammalian lineages
[14–16]. Previous attempts to explain variation in substitu-
tion rates at silent sites among mammalian genes have
mainly focused on whether this variation is linked to G+C
content. Initially, it appeared that there was a strong corre-
lation between G+C content and evolutionary rate [3,4,17],
but as more gene sequences have become available for
comparison this relationship has become less evident
[7,15,18]. It has been proposed that the variation of the
rates of synonymous substitution could be related to the
variation of patterns of mutation across the genome [2–4].
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Here, we propose a new statistical approach to detect and
analyse regional organisations in the mammalian genome.
We analysed a large dataset of mammalian genes and
found that, for both G+C content and substitution rate at
silent sites, neighbouring genes were significantly more
similar than random sets of genes within the dataset, sug-
gesting that chromosomal location influences both evolu-
tionary parameters. These similarities define two aspects
of genome structure, which we found to be independent
of each other.

Results
Mammalian genes exhibit extensive variation in both G+C
content and substitution rate at silent sites. To examine
whether these evolutionary parameters are related to chro-
mosomal location, we compiled a dataset of orthologous
human and murid (mouse or rat) genes known to lie within
one of the chromosomal (autosomal) segments of con-
served synteny between human and mouse. These gene
pairs were ordered according to their position on the con-
sensus mouse genetic map [19], and any genes not lying
(on the mouse genetic map) within 1 centiMorgan (cM) of
another gene in the dataset were discarded. In addition,
and importantly, where closely linked genes included
members of families resulting from gene duplications, only
one member of the family was retained. This yielded a
dataset of 520 genes (see Materials and methods).

For each gene, the following evolutionary parameters were
calculated: the G+C content at synonymously variable
third positions of codons (GC3S) in each species, and the
estimated numbers of synonymous and nonsynonymous
substitutions per site, KS and KA, respectively, between the
human and murid genes (see Materials and methods). In
the present dataset, GC3S varied from 26% to 96% and
thus covered the range previously reported for other com-
pilations of (not necessarily homologous) human and murid
genes [7,20]. The estimated number of nonsynonymous
substitutions per site (KA) varied from 0.001 to 0.453 in the
dataset; such variation is expected given the known varia-
tion in rates of protein evolution [21]. The estimated
number of synonymous substitutions per site (KS) also
varied considerably among genes, with values ranging from
0.16 to 1.00. As synonymous substitutions are expected to
be largely neutral in mammals, this observation is more
surprising. The mean and standard deviation of synony-
mous and nonsynonymous distances found within our
dataset (KS = 0.518 ± 0.136; KA = 0.094 ± 0.083) are compa-
rable to those previously reported for orthologous gene
pairs between human and mouse (KS = 0.468 ± 0.169;
KA = 0.090 ± 0.102) [22]. The variation of KS and KA values
found in the present study appears therefore to be repre-
sentative of the variation seen among mammalian genes.

To investigate whether each of these evolutionary parame-
ters is influenced by genomic location, we determined

whether the values could be correlated among genes lying
close to one another on the chromosome. Neighbouring
genes were defined as those located within the 0–1 cM
range on the mouse genetic map. Among all possible pair-
wise comparisons of the 520 genes, 1344 pairs were
defined as neighbours by this criterion. Spatial autocorrela-
tion analysis among neighbouring genes was performed by
estimating Moran’s I statistic (Table 1). The significance
of these I values was estimated first by simulations in
which the values for all genes were permuted (model 1).
Highly significant similarity between neighbouring genes
appeared for both KS and GC3S: the observed value was
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Table 1

Spatial correlation of evolutionary statistics between
neighbouring genes in the 0–1 cM genetic distance range.

Evolutionary I P, model 1 P, model 2
parameter

KS 0.17 < 10–4 < 10–4

KA 0.07 0.080 0.088

GC3S human 0.24 < 10–4 0.212

GC3S murid 0.23 < 10–4 0.076

KS, estimated number of synonymous nucleotide substitutions per site;
KA, estimated number of nonsynonymous nucleotide substitutions per
site; GC3S, G+C content at synonymously variable third positions of
codons; I, Moran’s correlation coefficient; P, probability value for the
correlation coefficient (estimated as the fraction of 1,000 permutations
in which a coefficient of at least this magnitude was obtained); model
1, all genes were permuted; model 2, only those genes within a 10%
GC3S range were permuted (see Materials and methods).

Figure 1

Relationship between silent-site divergence between human and
murids (KS) and the silent-site base composition (GC3S) of the human
gene. A similar lack of correlation was seen when the GC3S values of
the murid gene were used.
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higher than any of the 1,000 simulation values. KA showed
no significant spatial correlation. 

The significant results for GC3S and KS could reflect a
correlation between these parameters. There was,
however, no obvious relationship between GC3S and KS
values across genes (Figure 1). Nevertheless, to test the
possible influence of GC3S on the correlation of KS
values, a second series of simulations was performed, in
which only genes falling within classes of 10% GC3S were
permuted (Table 1, model 2). Under this model, the cor-
relation coefficients for GC3S became (as expected) non-
significant, but the probability value for KS remained
highly significant. Therefore, the similarity of KS between
neighbouring genes is not the indirect consequence of the
similarity of their G+C content.

Discussion
Isochores
A spatial organisation of G+C content within the mam-
malian genome (the isochore hypothesis) was first pro-
posed by Bernardi and colleagues in 1976 on the basis of
ultracentrifugation results [23]. Statistical analyses of
sequence data have provided results consistent with the
isochore hypothesis, but have been limited either to very
local effects, such as comparisons of different sites in and
around a gene (see [8] for a review), or to a small number
of larger genomic regions [12,13,24]. In this study, we
have shown that neighbouring genes in both the human
and mouse genomes have similar G+C contents at silent
sites (Table 1, model 1). Previous studies of neighbouring
genes have used much smaller datasets, and those datasets
were dominated by multiple members of gene families
[4]. Our results provide a statistical confirmation of the iso-
chore hypothesis as we analysed a large number of genes
that, firstly, were scattered across the entire genome (the
dataset included gene pairs located on all 19 mouse auto-
somes) and, secondly, were located on chromosomal
regions as large as 1 cM (on average, 1 cM corresponds to
~1.7 Mb in the mouse genome [25]).

A ‘regional’ effect on KS variation across the genome
There have been previous suggestions that variation
among mammalian genes in the rate of synonymous substi-
tution may be influenced by gene location [4,26–28], but
the data supporting this have been limited to very small
numbers of genes. Our results indicate that, for a very large
dataset of genes drawn from across the entire genome,
pairs of neighbouring genes have significantly more similar
rates of synonymous substitution than random pairs of
genes (Table 1, model 1). Members of gene families from
the same vicinity were excluded and so the only common
feature shared by these neighbouring genes is their loca-
tion. As synonymous substitutions in mammalian genes are
likely to be neutral [1,5,26], we infer that there are chromo-
some-location-dependent effects on the rate of mutation.

Moreover, we have demonstrated that the location-depen-
dent variation in evolutionary rate is independent of the
location-dependent variation in base composition (iso-
chores). The permutation test in model 2 confirmed that
the correlation of KS values among neighbouring genes
was not attributable to their similarity in GC3S. The simi-
larity of neighbouring genes with respect to both GC3S
and KS, without a correlation between the two parameters,
is illustrated for genes from the two mouse chromosomes
best represented in our dataset (Figure 2). For example,
on chromosome 1 at 69.9 cM, IL10 and REN (open trian-
gles, Figure 2a) have very similar KS and GC3S, as do
F13B and HF1 (open diamonds) at 74.1 cM. Neverthe-
less, while the KS values of the two pairs of genes are quite
similar, the GC3S values are very different (Figure 2b).
Many similar examples are found on the other chromo-
somes (data not shown).

Overall, our results provide the first statistical evidence,
on a whole-genome scale, demonstrating that nucleotide
substitution rate varies among different chromosomal
regions in mammals and suggest the existence of a
‘regional’ effect driving gene evolution. Results from
several studies of small numbers of genes, or of particular
chromosomal regions, are consistent with our finding of
location-dependent rates of evolution. A regional effect
on KS variability has been shown in the regions surround-
ing three arginosuccinate-synthetase-processed pseudo-
genes located at different sites in the primate genome
[28]. Moreover, evidence is slowly gathering from large-
scale sequencing projects in favour of the existence of
genomic regions characterised by high [29–31] and low
sequence conservation [32–36]. An intermediate level of
sequence conservation between human and mouse was
found in the ~24 kb region spanning the immunoglobulin
Cµ–Cδ heavy chain loci [37]. Although these studies
provide comparisons of noncoding regions, they neverthe-
less deal with only one or a few loci and analyse relatively
short distances (10–100 kb) from a genome perspective. A
remarkable piece of evidence on a region showing high
sequence conservation has come from a comparison
between a 227 kb region on mouse chromosome 6 and its
syntenic region on human chromosome 12p13: these
regions were found to contain 17 homologous gene pairs
[38]. We have carried out a variance analysis comparing
the KS values of 16 gene pairs (one duplicate gene was
excluded) in this region with those of the whole set of
homologous genes used in the present study and, as
expected, found that, within the 227 kb region, the vari-
ance of KS is significantly smaller (F = 20.2, p < 10–4).
Finally, a different kind of evidence consistent with the
regional variation in evolutionary rate comes from the
finding that in human isogenic lymphoblastoid cell lines,
the mutation rate of hamster hprt cDNAs was found to
vary by 60-fold in five retroviral sequences integrated in
different genomic locations [39].
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The regional variation of the synonymous substitution
rate shown in this study may reflect the existence of ‘evo-
lutionary rate units’ along the chromosome (whose size(s)
remain to be determined) and therefore may suggest the
existence of a novel mosaic structure in the mammalian
genome. Even though this proposal must be viewed with
caution, as at present we cannot rule out the possibility
that the regional similarity of KS values is independent of
any regular underlying genome structure, it nonetheless
sets out a working hypothesis that is consistent with all the
lines of experimental evidence cited above and integrates
them in a general framework for the understanding of the
organisation and evolution of the mammalian genome.

Origin and maintenance of the regional variation of KS

The existence of a regional variation in the silent substitu-
tion rate raises the question of the nature of the evolution-
ary mechanisms that have engendered and maintained
such a structure in the mammalian genome. Let us con-
sider first the possible role of natural selection. Regional
similarity in KS might reflect varying levels of functional
constraints that are pervasive across entire chromosomal
regions, but it is not clear what such selective constraints
might be. Moreover, mechanisms such as background
selection against deleterious mutations [40], or hitchhik-
ing with advantageous mutations [41], do not seem likely
to act either across longer evolutionary timescales (such as

the divergence between primates and rodents) or across
large genomic regions [42]. Thus, natural selection does
not appear to be the most likely explanation of the
regional variation of KS.

In genomic contexts, where selective constraints are
absent or weak, substitution rate is highly correlated with
mutation rate [1]. Therefore, the most likely explanation
we favour to explain the regional variation of silent substi-
tution rate is the variation of mutation rate in different
chromosomal regions. A number of hypotheses have been
proposed to explain why mutational patterns might vary
across the genome [3,4,43–45]. Among them, the proposal
that this variation could be related to the different effi-
ciency of repair of DNA lesions caused by endogenous
and/or exogenous factors in different regions of the
genome is particularly appealing [3,43,44]. Previous
attempts to test this hypothesis by modelling focused on
the effect of the mismatch repair system [46]. The effi-
ciency of DNA repair mechanisms such as base excision
repair and nucleotide excision repair have, however, been
shown to vary around the genome [47–50]. Moreover,
these processes seem to act over entire chromosomal
regions [47,51], for example, the DNA repair domain that
comprises the ~50–70 kb region surrounding the p53 gene
[52]. Therefore, the different fidelities of the DNA repair
machinery may be one of the factors causing the regional
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Figure 2

Chromosomal location effect on gene
evolution. (a,c) KS and (b,d) murid GC3S
values are plotted against the position of the
corresponding genes on the mouse genetic
map for (a,b) chromosome 1 and (c,d)
chromosome 2. Only groups of genes (G) at
the ‘same map position’, represented by the
same symbol, are shown for clarity (duplicate
genes were excluded). On chromosome 1,
G1: FN1 and IGFBP5; G2: ALPI and
UGT1A1; G3: IL10 and REN; G4: F13B and
HF1; G5: CD3Z and POU2F1; G6: CD48
and FCER1G; G7: APCS, ATP1A2 and
FCER1A. On chromosome 2, G1: BMI1 and
GAD2; G2: GCG and SCN2A1; G3: RAG1
and CAT; G4: FSHB and LM02; G5: FBN1
and HDC; G6: SLC20A1 and IL1A; G7: OXT
and PDYN; G8: PCNA and PRNP; G9:
CST3, PYGB and THBD; G10: PLCG1 and
TOP1; G11: ADA and SDC4.
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variation of the silent substitution rate observed in the
present study. This hypothesis obviously calls for experi-
mental evidence.

Conclusions
Here, we have provided strong statistical evidence
demonstrating the existence of a regional variation in the
synonymous substitution rate, which can account for the
variability of KS among mammalian genes. Our results
show that the regional variation of KS extends over rela-
tively large regions (≤ 1 cM) of the mammalian genome
and therefore tend to suggest the existence of evolution-
ary rate units along chromosomes. Moreover, we have
demonstrated that regional variations in synonymous sub-
stitution rate and G+C content (isochores) are superim-
posed and independent of one another: this leads to a very
complex view of the forces shaping mammalian genome
evolution. Finally, the characterisation at the molecular
level of the chromosomal regions harbouring neighbouring
genes evolving at different rates may shed light on
whether the regional variation of KS is somehow related to
any of the fundamental processes of DNA metabolism:
replication, recombination, transcription and repair.

Materials and methods
The dataset
Homologous human and murid gene pairs were identified by using the
similarity search programs BLASTN and BLASTP [53] as well as the
Hovergen database [54]. Where both mouse and rat sequences were
available, the mouse gene was preferred. If a mouse sequence was not
available, the rat sequence was used instead, provided there was evi-
dence that the genomic region is conserved between mouse and rat
[55]. Sex-linked genes were excluded owing to their lower nucleotide
substitution rates as compared with autosomal genes [7]. Partial
sequences were discarded, to avoid possible systematic biases related
to intragenic position. Duplicate genes were identified by BLAST analy-
sis: all sequences in the dataset were compared, and any pairs with a
value greater than 150 for the S parameter were regarded as dupli-
cates. In cases where, among three genes A1, A2 and A3, two pairs
(say A1 plus A2, and A2 plus A3) were designated by this criterion as
duplicates, but the third pair (A1 plus A3) was not, we nevertheless
chose to consider A1 and A3 as duplicates even though S < 150.
When two (or more) genes were recognised as duplicates, only one of
them was retained: either the longer sequence, or (in the case of equal
sequence length) a random choice. The final dataset consisted of 520
genes (available upon request).

Statistical analysis
Human and murid protein-coding sequences were extracted from
GenBank using the ACNUC retrieval system [56] and the deduced
protein sequences were aligned using the multiple alignment program
CLUSTALV [57]. The number of synonymous (KS) and nonsynonymous
(KA) substitutions per site were calculated using the method of Li [58]
which uses a correction for multiple substitution at single sites based
on the two-parameter method of Kimura [59].

Spatial autocorrelation analysis was performed using the I statistic by
Moran [60]:

where ,

δij = {1 if i and j are joined (i.e., belong to the 0–1 cM distance segment) and i ≠ j
else 0

where n is the number of genes and . Here, n = 520 and
A = 1344.

[δij] defines a joint matrix and therefore allows to explore the spatial cor-
relation of the X variable (that is, KS, KA, human GC3S and murid
GC3S) as i and j are joined when they lie in the same 0–1 cM segment. 

The I statistic is similar to a correlation coefficient, but is able to handle
situations where k is joined to both i and j, and yet i and j are not
joined, as can occur here when gene k lies between genes i and j. It
should be noted that the mathematical behaviour of I is somewhat dif-
ferent from a correlation coefficient, in particular its maximum is not 1
and its expectation, in the absence of correlation, is –1/(n–1), so
slightly different from 0 (here –1/519 = –0.002) [61].

Two models were used to test the significance of the I values obtained.
In model 1, the observed values of X were randomly permuted; I is
known to be approximately normally distributed under such a model,
and this was confirmed by Monte Carlo simulations (only simulation
results are presented in this study). In model 2, 1,000 simulations were
carried out permuting only those genes falling within classes of 10%
GC3S content (random number generator was ran1 [62]). The I statis-
tic was computed for each of these simulations, and the fraction of
these values greater than the observed value gave an estimate of the
significance of the observed value. The 10% GC3S range was chosen
as the largest one for which the isochore structure is no more signifi-
cant in this dataset.
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