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Abstract

Background: Using genetic distances measured from exons, it has been observed that the
mutation rate is not constant along mammalian chromosomes. Exons constitute only 1% of the
human genome, however, and thus they cannot provide a complete picture of the mutational
variation in the genome.

Results: | calculated genetic distances between 504 human introns and their orthologous mouse
counterparts from a set of 63 pairs of human and mouse genes scattered through the genome
using a recently developed method that can extract reliably aligned regions from the introns in an
objective manner. | found a significant correlation between the genetic distance measured in the
conserved intron segments and the synonymous and nonsynonymous distances measured in the
corresponding coding exons, indicating that genes with fast-evolving exons tend to have fast-
evolving introns, and vice versa.

Conclusions: These results indicate that introns, which extend over almost a quarter of the
human genome, contain useful information for fully understanding the mutational dynamics of
human and mouse genomes. This work also supports the idea that there is a mutational force
that fluctuates nonrandomly along the genome, and shows for the first time that this force affects
the introns and the synonymous and nonsynonymous positions in the exons of the genes
simultaneously.
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Background

The variable degree of sequence divergence that occurs in
different parts of a gene or in different chromosome loca-
tions can help to determine what types of evolutionary
mechanisms and mutational forces are responsible for the
current organization of the mammalian genome. Compar-
isons of large homologous regions sequenced in mouse and
human revealed the existence of strikingly different patterns
of sequence conservation in different genomic tracts [1]. In
addition, the correlation between rates of synonymous sub-
stitution (that does not cause amino acid change) and non-
synonymous substitution (that causes amino acid change)
that has been found in many comparisons of mammalian
genes [2-6] has also been explained by the existence of a

regional variation of the mutation rates along the chromo-
some: genes located in bands of lower mutation rates would
display both low synonymous and nonsynonymous rates,
whereas the opposite would be the case for genes located in
bands of higher mutation rates. However, it cannot be
excluded that an excess of substitutions at adjacent pairs of
nucleotides (tandem substitutions [2,7]) or common func-
tional constraints (for instance, selection for optimal codons
to improve translational accuracy [8,9]) were causing the
correlation between synonymous and nonsynonymous rates.

The best evidence for the existence of banding patterns in
the mutation rates came from the study of mouse and
human genes of known chromosomal location, where it was
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found that the synonymous mutation rates of neighboring
genes were more similar than expected by chance [10,11].
Furthermore, it was found, also by examining linked genes,
that nonsynonymous rates are regionalized along the chro-
mosomes, which could be due to the clustering of function-
ally similar genes or, alternatively, could reflect some kind of
local variation of selection pressure [12].

The sequence of the complete human genome has revealed
that, whereas exons occupy only 1.1% of the genome, introns
extend over 24% of its length [13,14]. Therefore the study of
introns should be crucial to understanding the genome’s
mutational dynamics. In addition, introns are embedded
between conserved exons, making it easy to define ortholo-
gous elements (unlike the situation in intergenic regions).
The measurement of evolutionary rates in introns would
allow us to test the prediction that, if a local rate variation
exists and expands over large tracts of the genome, it would
affect all parts of a gene, and therefore the evolutionary rates
estimated from the coding exons should be correlated with
the rates measured from the introns in the same gene. In
this case, as introns and exons are physically more separated
than synonymous and nonsynonymous positions, noninde-
pendence of substitutions or common selection constraints
would not provide alternative explanations of the variable
mutational force. Despite the availability of a large number of
orthologous human and mouse genes, introns have not been
used to measure genetic distances between human and
mouse because of the large divergence between these two
species, which makes the handling of noncoding regions
especially problematic. Although the study of noncoding
regions will be easier when using more closely related
species, it is important to know whether we are able to extract
information from the human and mouse genome compar-
isons, as the data obtained from different pairs of species
should be complementary and will help to improve our
understanding of the mammalian genome. I recently devel-
oped a method to extract reliably aligned positions from
divergent alignments and, in addition, showed that many
sources of bias contained in the original alignments can be
avoided [15]. The application of this method to extract reli-
ably aligned positions from intron alignments enables this
large part of the genome to be used in analyses of the evolu-
tionary forces that have shaped the mammalian genome.

Results

The synonymous-nonsynonymous distance correlation
in exons

A group of 63 orthologous mouse and human gene pairs
selected from a data set compiled by Jareborg et al. [16] was
used. They contained a total of 567 exons and 504 introns.
The sets of human and mouse genes covered 441,243 and
424,641 base pairs (bp), respectively. Most of the genes were
extracted from database entries containing a single gene -
with a major exception where 16 genes, 15 of which were

used here, came from the same region. The human
sequences for which the chromosome position is reported in
the database entry are located on 11 different chromosomes,
so the data set contains genes scattered throughout the
genome and is therefore a good representation of the mam-
malian genome. The average values of the maximum-likeli-
hood estimates of the synonymous distance (K = 0.622 + 0.198
substitutions per site) and the nonsynonymous distance
(K, = 0.092 + 0.077), for the 63 genes used here are similar
to those obtained in previous analyses of human and mouse
data sets that contained more genes, although consisting
only of exons [10,17]. In addition, the correlation between K,
and K observed in other work involving various pairs of
mammals [2-6,18,19] is also clearly seen in the present data
set (Figure 1). The strength of this correlation is, however,
very sensitive to the method used to measure the evolution-
ary rates. Here, the correlation is marginally better when
rates were estimated by the algorithmic method of Nei-
Gojobori (r = 0.4637, p = 0.0001) than when they were esti-
mated by the more precise maximum-likelihood methods
(r = 0.4455, p = 0.0003 with codon frequencies estimated
from the data; r = 0.3882, p = 0.0017 with codon frequen-
cies used as free parameters), in agreement with previous
work that compared both types of measurements [4].

Distance estimation in intron alignments

The alignments of human and mouse introns contain many
regions where, even after removing repetitive elements, the
divergence is so large that no alignment can be reliable [16];
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Figure |

Correlation of synonymous (K,) and nonsynonymous (K,) distances in the
concatenated coding exons of 63 human and mouse orthologous genes,
measured by maximum likelihood with codon frequencies calculated from
the data.




on the other hand, other regions of the same introns show
enough identity matches to produce reliable local align-
ments. Unlike methods that extract the most conserved seg-
ments from this kind of alignments, and thus have a very
high functional constraint, the Gblocks program [15] was
devised to extract blocks from alignments that are reliably
aligned but with enough variability inside the blocks to
extract valuable phylogenetic information. In brief, blocks
are selected that do not contain more than a certain number
of contiguous nonconserved positions and are surrounded
by highly conserved anchoring positions; then, gaps and
nonconserved positions adjacent to gaps are also removed
[15]. Figure 2 shows a typical alignment of a small intron
and the blocks selected by Gblocks. Most of the removed seg-
ments come from insertions/deletions like the region
between positions 150 and 160 (which in some other introns
can be very large, even after having removed interspersed
repeats before alignment). In addition, segments of difficult
alignment, normally close to a gap and full of nonconserved
positions, like the one between positions 206 and 224, are
also removed, as the alignment here is not reliable and these
regions may be saturated by multiple substitutions that make
the measurement of genetic distances unreliable. However,
the algorithm allows a high degree of variability in many of
the chosen regions, so that strong selection is not completely
biasing the distance estimation. The extent and degree of
conservation in different introns is very variable, with some
of them being very well conserved and chosen by the Gblocks
algorithm along their whole length, whereas others are so
divergent that only a small percentage of the alignment
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length is selected. All blocks are selected by Gblocks accord-
ing to a set of predefined parameters that can have different
stringencies for different types of analyses [15].

To ensure that the alignment procedure was not affecting the
results, the Gap alignment program was used with three dif-
ferent sets of parameters that had very different intensities
of gap insertion. Additionally, two different degrees of strin-
gency of block selection in Gblocks were used in the three
generated alignments, so I obtained six different sets of
moderately conserved intron segments. The largest selected
regions in the intron alignments were identical in the six sets
although smaller regions were aligned and/or selected dif-
ferently. The total length of the six sets was 236,710,
188,439, 237,519, 202,633, 226,838 and 204,475 positions,
respectively, for the six conditions listed in Table 1, repre-
senting between 62 and 78% of the average total length of
the mouse and human introns (without interspersed
repeats). All conserved blocks of all introns in every gene
were concatenated and the distances (K;) measured by
maximum likelihood using the HKY (Hasegawa, Kishino,
Yano) model of evolution. The average of this distance was
0.719, 0.566, 0.609, 0.515, 0.510 and 0.464 substitutions per
site, respectively, for the six different conditions. They are in
the same range of the average synonymous distances mea-
sured from the exons (0.622 substitutions per site), indicat-
ing that the conserved regions selected from the introns have
a divergence level comparable to the synonymous positions
of the exons. It is known that the average substitution rates
in synonymous and intronic sites are very similar to each

1
ht_il6_m BYc[da A G A T ¢EBEE ¢ ¢ EEEEEE
ht_il6_h a Tfd cE¥Nd c jlc clgiT cI¥\ccacee

50
GEYeNed . . AGLWHEOEWIG C C A A GELYE:N
CEYeXeGA G CLYWH:WNATA C G ALYRN

5
ht_il6 m c AENIENEC c A c[ A AECES
ht_i16_h G cENEERT A c T[ENc c ENEY

[oR4 T G CLNWAAIITEYA GleNeleN. . T G CEYGL]C A G[eNe
oY G A AENR WA GIGEY T AfeeRe@NA TG A TEYA[]A G Al

100

01

1
ht_il16 m Apgeclele]C AW T Clele]Gle]C GlJAs:We] APWe] T CP:NC GACTGT G GEyA .
ht i16_h ThycXeXe]T G Ye]A T[cXe] T[e]G Al T[@:We] GP:Xe] G GEYG AGTATG T TRYG A

150

ht i16m . ......... c a cENCESE] ¢
ht_i16 h CATGTTCTCAATALGNFNEIT

200
INTCTTCRYYT C[MC TG A[JA ARWNAISA C T8
GENeR N G AR Tey AlegNTPEWNC CEYTENRY C

3
G Cpue T Loy C [AMCTCAG
C TEEAREPNT (ARNC TCAG

ht_il6 m .. ... c@lrcEggErcirceccrere
ht_il6 h ccAaTcTldccifjcThlcTAaTGACT

24

Figure 2

Typical alignment of a small intron from mouse and human (intron 16 of H2-TAPI) with the regions selected by Gblocks with default parameters
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other in several mammalian comparisons [20,21]. It should
also be taken into account that, in the comparison of human
and mouse, the distances from the complete introns, if they
could be measured, would be higher than the ones calculated
here from the conserved parts as a result of the elimination
of the most divergent regions.

The intron and exon distance correlation

Interestingly, the genetic distances of the conserved intron
segments is significantly correlated with both the synony-
mous and nonsynonymous distances measured from the
corresponding exons (Figure 3). This correlation coefficient
is similar in strength to the well known correlation between
K, and K,. Furthermore, this association is significant
(p < 0.05) for all the alignment and selection methods used
to extract the conserved intron segments, and for the three
different methods used to measure K and K, (Table 1). The
method used to measure the synonymous and nonsynony-
mous distances (maximum likelihood with codon frequen-
cies taken from the data or used as free parameters and the
Nei-Gojobori method) has almost no effect on the strength
of the correlation. However, the alignment and block selec-
tion methods have a small effect on the correlation coeffi-
cient, with the more stringent methods tending to reduce
this correlation. This indicates that selection of regions that
are too conserved may reduce the signal in the alignment.

A second approach, in which distances were measured from
individual introns and exons, was used to analyze the corre-
lation of intron and exon evolutionary rates. To produce
reliable distance estimates, only pairs of coding exons and
adjacent introns with alignments of more than 100 posi-
tions were used; in addition, distances were measured from
all exon positions (K,) by maximum likelihood with the
HKY model of evolution (the same model used for the
introns), that takes all positions into account, instead of a
codon-based model where positions are implicitly sub-
divided into two classes (and which cannot be automatically
applied to exons with interrupted codons). K, has contribu-
tions from both K, and K, but, in fact, K; also probably has
contributions from sites under different selection strengths
and therefore both measures are approximations. The com-
parison of 289 pairs of exon and upstream intron produced
a highly significant correlation (r = 0.3013, p < 0.0001;
Figure 4), similar to the correlation obtained for the whole
genes. Of the five outliers in the plot, three, with a high K,
correspond to the C4 complement protein. The elimination
of these outliers or the whole of the C4 gene does not affect
the strength of the correlation. The correlation calculated
for 277 pairs of exons and downstream introns was also
highly significant (r = 0.2149, p = 0.0003). Taking into
account that some intron alignments are likely to have
several positions wrongly aligned, which will only add noise
to the correlation, the real correlation coefficient is proba-
bly stronger in both the concatenated and the individual
exon/intron comparisons.
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Figure 3

Correlation of intron distances (K;) measured by maximum likelihood
from the concatenated conserved parts of intron alignments and the
synonymous (K;) and nonsynonymous (K,) distances in the
corresponding concatenated coding exons of 63 pairs of orthologous
human and mouse genes.

In a previous analysis of pairs of mouse and rat genes, where
intron and exon evolutionary rates were also measured, no
correlation between both variables was found [22]. In a re-
analysis of the same gene pairs [23], this correlation was also
not observed. A likely reason for the absence of the
intron/exon mutation rate correlation in these studies is the
smaller number (41) of genes used. To test this, I generated
100 samples of 41 genes randomly selected from the data set
used here, and calculated the correlation of intron and exon
distances. This correlation was significant (p < 0.05) in only
54 out of 100 replications (data not shown), indicating that
in previous work this correlation was not observed as a
result of the smaller data set used.
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Correlation of maximum-likelihood distances measured from all positions
of 289 individual exon alighments (K,) and distances from alignments of
the corresponding upstream introns (K;). Only exon-intron pairs where
the alignments of both are greater than 100 positions were used.

Discussion

The variation in the rate of evolution in the mammalian
genome has mostly been studied using exons. However,
introns should be important in this type of analyses, not only
because they extend over a large part of the genome, but also
because they allow us to exclude biases that may occur with
the exclusive use of exons. Recently developed methods that
can extract phylogenetic information from divergent align-
ments [15] makes the use of introns in the analysis of muta-
tional variation possible even with divergent species like
mouse and human. In the present work, it has been shown
that introns and exons have correlated evolutionary rates
(Figures 3,4, Table 1). Introns and exons, unlike synony-
mous and nonsynonymous positions, are physically sepa-
rated, so it is difficult to envisage a mechanistic coupling of
mutations between them. Furthermore, the evolutionary
forces that operate on exons and introns are of a very differ-
ent nature because of their completely different function,
which makes it unlikely that a common selection constraint
can affect exons and introns simultaneously. In addition,
selection mechanisms that can act in neighboring genomic
segments with a low recombination rate are probably not
acting across long evolutionary time scales such as those that
separate primates and rodents [24]. Thus, the most likely
explanation for the correlation between the rates of evolu-
tion of exons and introns is the existence of local nonrandom
fluctuations in mutation rates. A certain amount of selection
is probably maintaining some conserved intron regions (as
well as, more strongly, nonsynonymous sites), but if there is
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a variable underlying mutation rate, the local rates would
simultaneously affect all introns and exons in a gene (mostly
at those positions that can vary freely), thus providing a
common explanation for the correlation between rates at
synonymous and nonsynonymous positions in exons and for
the correlation between exon and intron rates. The fact that
the correlation coefficients are similar for whole genes and
for individual introns and exons indicates that the under-
lying mutation rate bands extend from small to larger
genomic regions. This local variation could be generated
because some chromosomal regions are more prone to DNA
damage than others or because DNA repair differs in effi-
ciency in different chromosomal locations (see [10] for a
more extensive discussion). With the availability of enough
number of mouse and human genes with known chromo-
some positions it will be possible to analyze whether neigh-
boring genes show similar mutation rates in their introns, as
previously studied with synonymous and nonsynonymous
rates [10-12]. In addition, the analysis of a larger number of
genes will also allow us to study the relationship of muta-
tional bands with other types of banding pattern, including
bands of differential gene expression and regulation [25,26],
and bands of different GC composition or isochores [27,28].

Materials and methods

The data set

A previously compiled data set of 77 pairs of orthologous
mouse and human genes [16] was used. In this data set,
genes were selected from database entries with clearly
defined exon boundaries, and an extensive check for orthol-
ogy was carried out. Of these genes, 14 were not used here
for the following reasons. The Ftp-3 and junB genes did not
have introns. ADA, C2F and Igf2 had internal stop codons.
In the genes coding for B-casein, coagulation factor VII,
H2-Ma and JAK3, the number of exons and introns were not
equivalent in mouse and human. H2-Mb1 and H2-Mb2 in
mouse were almost identical, products of a recent gene
duplication, and only the first one was used. The protamine
genes Prmi1 and Prmz2 have a very small coding region that
mainly codes for repetitive basic amino acids. Finally, the
genes coding for interleukin 6 and Tnp2 had extreme values
for K, (and Tnp2 also for K,). However, the inclusion in the
correlation analyses of the last five mentioned genes - where
the distances could be measured - did not affect the results.

Concatenated exon alignments

The concatenated exon sequences were aligned at the
amino-acid level using the program ClustalW 1.81 [29] with
default parameters. Gaps were then introduced in the
nucleotide sequence according to the amino-acid alignment.
No problematic regions were found in these alignments.
(When alignments were made at the nucleotide level, differ-
ences in distance estimations were negligible.) The number
of substitutions per synonymous (K,) and nonsynonymous
(K, site (synonymous and nonsynonymous distances,
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Table |

Correlation of distances measured in concatenated introns and exons of human and mouse orthologous genes

K; - K, correlation K, - K, correlation

Exon distance Intron alignment/ Correlation Significance Correlation Significance

measurement*® selection method? coefficient (r) probability (p) coefficient (r) probability (p)
ML (CF =2) Gap |, Gblocks | 0.34 0.0057 0.33 0.0081
ML (CF =2) Gap |, Gblocks 2 0.32 0.0111 0.33 0.0079
ML (CF =2) Gap 2, Gblocks | 0.35 0.0045 0.32 0.0108
ML (CF =2) Gap 2, Gblocks 2 0.33 0.0075 0.33 0.0089
ML (CF =2) Gap 3, Gblocks | 0.32 0.0105 0.31 0.0124
ML (CF =2) Gap 3, Gblocks 2 0.30 0.0153 0.30 0.0165
ML (CF = 3) Gap |, Gblocks | 0.35 0.0044 0.34 0.0061
ML (CF = 3) Gap |, Gblocks 2 0.32 0.0108 0.34 0.0061
ML (CF = 3) Gap 2, Gblocks | 0.35 0.0047 0.32 0.0095
ML (CF = 3) Gap 2, Gblocks 2 0.32 0.0098 0.33 0.0077
ML (CF = 3) Gap 3, Gblocks | 0.31 0.0121 0.32 0.0112
ML (CF = 3) Gap 3, Gblocks 2 0.29 0.0207 0.31 0.0147
NG Gap |, Gblocks | 0.34 0.0068 0.33 0.0082
NG Gap |, Gblocks 2 0.32 0.0109 0.33 0.0079
NG Gap 2, Gblocks | 0.35 0.0053 0.32 0.0099
NG Gap 2, Gblocks 2 0.35 0.0052 0.33 0.0082
NG Gap 3, Gblocks | 0.26 0.0371 0.32 0.0110
NG Gap 3, Gblocks 2 0.29 0.0236 0.30 0.0154

*K, and K, were measured by maximum likelihood (ML) with codon frequencies taken from the data (CF = 2) or used as free parameters (CF = 3), or by
the Nei-Gojobori method (NG). fIntrons were aligned using the Gap program with the parameters GOP = 50 and GEP = 3 (Gap |); GOP = 35 and GEP
=2 (Gap 2); or GOP = 20 and GEP = 2 (Gap 3), and the conserved segments extracted with the Gblocks program with ‘maximum number of contiguous

nonconserved positions’ = 8 (Gblocks |) or 4 (Gblocks 2).

respectively, easily convertible to evolutionary rates by
dividing by the human-mouse divergence time) were esti-
mated from the exon alignments by maximum likelihood
using a codon-based model of evolution [30] with the
Codeml program of the PAML 3.0 package [31]. Equilibrium
codon frequencies of the model were either estimated from
the three codon positions (CodonFreq = 2) or used as free
parameters (CodonFreq = 3). In addition, K, and K, were
also estimated by the Nei-Gojobori method [32] imple-
mented in the same package. Consequently, three different
estimates for both K, and K were obtained for every gene.

Concatenated intron alignments

All introns were first treated with the RepeatMasker program
[33] to remove rodent or primate interspersed repeats, as
necessary. Individual introns were then aligned using the
Needleman-Wunsch algorithm [34] implemented in the Gap
program of the GCG package, version 10.1 (Genetics Com-
puter Group, Madison, WI), using three different sets of para-
meters: GOP = 50 and GEP = 3 (defaults); GOP = 35 and GEP
= 2; and GOP = 20 and GEP = 2. Under all conditions, most
intron alignments showed many problematic regions as a

result of the presence of large gaps and some regions with
very low similarity. Therefore, the program Gblocks 0.74b
[15,35] was used to extract the conserved parts of the intron
alignments. Two different sets of parameters with two differ-
ent degrees of stringency in the selection were additionally
used in Gblocks, either the default ones or with ‘maximum
number of contiguous nonconserved positions’ = 4. Thus, for
every intron, six different alignments were obtained. All
selected segments of all introns of each gene were then con-
catenated. The distance in substitutions per site in each con-
catenated intron alignment (K;) was estimated by maximum
likelihood with PAUP [36] using the HKY model of evolution
[37]. This model, like the codon-based model used to calcu-
late K, and K, takes differences in transition/transversion
ratio and nucleotide composition into account. Other
methods of distance estimation produced similar results,
with much less variability than the variability introduced by
the different alignment and selection methods.

Thus, for every gene, three different estimations of K  and K,
for the exons, and six different estimations of genetic dis-
tances in the conserved intron segments, K;, were obtained.



The 18 possible correlations between K; and K or K, were
calculated. All correlations were calculated with the Spear-
man rank correlation method, which is less sensitive to out-
liers, using the JMP package (SAS Institute, Cary, NC).

Individual intron and exon alignments

In the case of the individual intron alignments, the same
alignments described above (before concatenation) were
used, with default parameters for Gap and Gblocks. For the
individual exons, new alignments were made at the
nucleotide level (more convenient because of the presence of
many interrupted codons) using Gap with default parame-
ters. These alignments were very similar or identical to the
ones made at the amino-acid level and only a few manual
adjustments were necessary to correct shifted codons. Dis-
tances were estimated for both intron and exon alignments
by maximum likelihood with the HKY model of evolution
using PAUP. Then the genetic distance for every individual
exon was compared to the genetic distance for the intron
immediately upstream or downstream. Only exon-intron
pairs where both alignments had more than 100 positions
were considered.
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