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Evolutionary rate of a gene affected by chromosomal position

Jo Perry and Alan Ashworth

Genes evolve at different rates depending on the
strength of selective pressure to maintain their function.
Chromosomal position can also have an influence [1,2].
The pseudoautosomal region (PAR) of mammalian sex
chromosomes is a small region of sequence identity that
is the site of an obligatory pairing and recombination
event between the X and Y chromosomes during male
meiosis [3-6]. During female meiosis, X chromosomes
can pair and recombine along their entire length.
Recombination in the PAR is therefore approximately
10 times greater in male meiosis compared with female
meiosis [4-6]. The gene Fxy (also known as MID1 [7])
spans the pseudoautosomal boundary (PAB) in the
laboratory mouse (Mus musculus domesticus, C57BL/6)
such that the 5' three exons of the gene are located on
the X chromosome but the seven exons encoding the
carboxy-terminal two-thirds of the protein are located
within the PAR and are therefore present on both the X
and Y chromosomes [8]. In humans [7,9], the rat, and the
wild mouse species Mus spretus, the gene is entirely
X-unique. Here, we report that the rate of sequence
divergence of the 3" end of the Fxy gene is much higher
(estimated at 170-fold higher for synonymous sites)
when pseudoautosomal (present on both the X and Y
chromosomes) than when X-unique. Thus, chromosomal
position can directly affect the rate of evolution of a
gene. This finding also provides support for the
suggestion that regions of the genome with a high
recombination frequency, such as the PAR, may have an
intrinsically elevated rate of sequence divergence.
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Results and discussion

In the laboratory mouse C57BL./6, the Fxy gene spans the
PAB such that the 5' third of the gene is located on the X
chromosome but the 3" two-thirds are located within the
PAR [8] (Figure 1). The PAR is identical on the X and Y
chromosomes [3-6] and the 3' end of the Fxy gene,

although apparently functionless on the Y, is maintained
by recombination; deleterious mutations within the Y frag-
ment would be rapidly transferred onto the X chromo-
some and selected against. In humans, the FXY gene (also
known as MIDI), mutations in which cause Opitz syn-
drome [7], is wholly X-unique [7,9]. To determine when
the rearrangement occurred, which resulted in the place-
ment of the PAB within the Fxy gene, we cloned and char-
acterised the gene in the rat species Rartus norvegicus,
which diverged from the ancestors of mice 10-35
million years ago [10-12], and in the mouse species M.
spretus, which diverged from the ancestors of laboratory
mice about 3 million years ago [13].

To locate the Fxy gene in M. spretus, we analysed the seg-
regation of variants of the gene in an interspecific back-
cross (European Collaborative Interspecific Backcross,
EUCIB) [14]. Variants derived from both the 5 and 3’
ends of the gene segregated in an X-unique fashion.
Therefore, in M. spretus, the Fxy gene is completely
X-unique, confirming a previous suggestion [15], and is
located between the Amelogenin (Amel) [16] and Chloride
channel (Clen4) genes [17,18] (see Supplementary material;
Figure 1). The Fxy gene in rat was also found to be
entirely X-unique as shown by Southern blotting (data not
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Organisation of the distal part of the X chromosomes of M. musculus
domesticus and M. spretus and the equivalent region in humans. The
shaded areas are X-unique and the unshaded areas are
pseudoautosomal and common to the X and Y chromosomes. In M.
musculus, the Clcn4 gene is located on chromosome 7 [17,18]. The
Fxy gene spans the PAB in C57BL/6 mice such that the 5’ end of the
gene is X-unique but the 3' end is present on the X and Y chromo-
somes. In humans and M. spretus, all of the Fxy gene is X-unique (see
Supplementary material). Only relevant genes are indicated and the
diagram is not to scale.
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shown). Thus, the rearrangement that led to Fxy spanning
the PAB in C57BL/6 mice must have occurred within the
last 3 million years [13].

We cloned ¢cDNAs for Fxy from the rat and M. spretus and
analysed the sequence divergence of the portions of the
gene equivalent to those that are X-unique or located
within the PAR in C57BL/6 mice. The part of the gene
that is X-unique in both C57BL/6 and M. spretus was
equally divergent relative to humans and to the rat, as one
would expect given the relatively recent divergence time
of these two mouse species [13]. Nevertheless, when the
3" two-thirds of the coding portion of the gene in the four
species was compared, it was clear that the C57BL/6 Fxy
gene was much more divergent from the human and rat
sequences than was the M. spretus gene (Figure 2). We cal-
culated the number of synonymous and non-synonymous
substitutions between these four species in the regions of

Figure 2
(a) | Region | Comparison| ~ Aligned | Differences
length (bp) (bp) Ks K,
A HUM/SPE 756 49 0.240 (0.050) [ 0.007 (0.006)
HUM/B6 756 49 0.240 (0.050)[ 0.007 (0.006)
HUM/RAT 756 48 0.235 (0.046)| 0.005 (0.006)
RAT/SPE 756 20 0.098 (0.026) [ 0.002 (0.002)
RAT/B6 756 22 0.091 (0.025) [ 0.004 (0.003)
B6/SPE 756 4 0.019 (0.019) [ 0.004 (0.003)
B HUM/SPE 1245 115 0.439 (0.061) [ 0.002 (0.002)
HUM/B6 1245 178 0.672 (0.089) [ 0.034 (0.009)
HUM/RAT 1245 119 0.428 (0.063) [ 0.003 (0.003)
RAT/SPE 1245 54 0.120 (0.023) | 0.003 (0.003)
RAT/B6 1245 167 0.493 (0.062) [ 0.035 (0.009)
B6/SPE 1245 134 |0.377 (0.051) | 0.032 (0.008)
A B
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Sequence divergence of the Fxy gene in mice, rats and humans.

(a) Evolutionary analysis of the human (HUM), rat, C57BL/6 (B6) and
M. spretus (SPE) Fxy genes. The coding region of Fxy has been
divided into two regions, A and B, corresponding, respectively, to parts
of the gene that are X-unique or located in the PAR in C57BL/6 mice.
K values for synonymous substitutions (K¢) and non-synonymous
substitutions (K,), expressed as substitutions per site, were calculated
as described in the Supplementary material. Standard deviations are
shown in brackets. Figures are rounded to three decimal places.

(b) Phylogenetic tree analysis of the sequence divergence of the Fxy
gene. Branch lengths are indicative of sequence divergence. The
unrooted tree was calculated using the Maximum Likelihood analysis
method version 3.5¢ which uses the program dnam14 on the PIE
interface to the Phylip phylogenetic analysis programs at the Human
Genome Mapping Programme (HGMP) Resource Centre, Hinxton, UK.

the Fxy gene that correspond to the portion of the gene
that is either X-unique or pseudoautosomal in C57BL/6
mice (Figure 2a). As the rodent linecage appears to have a
higher intrinsic rate of nucleotide substitution [12,19], we
used the rat nucleotide sequence as an outgroup for statis-
tical analysis. In addition, we analysed a partial sequence
of the Fxy gene from the mouse species Mus caroli (see
Supplementary material). Calculating the branch lengths
for the unrooted tree connecting rat, M. spretus and
C57BL/J/6 allowed us to compare the C57BL/6 and
M. spretus rates directly (see Supplementary material for
details). This comparison indicated that there has been a
huge acceleration (estimated as 170-fold) in the rate of
synonymous substitution in the 3" part of the C57BL/6 Fuxy
gene since the divergence of M. musculus from M. spretus,
which coincided with the introduction of this part of the
gene into the PAR. This increase in the synonymous sub-
stitution rate was associated with a modest increase in the
non-synonymous rate (estimated as 3.3-fold).

Our observation of the accelerated divergence of the part
of Fxy located in the PAR may be generally true of PAR
genes. Human PAR genes, where analysed, are autosomal
in rodents and appear in general to be particularly diver-
gent (for example, see [20]). This effect is difficult to
quantify, however, as it is not known when the relevant
chromosomal rearrangements took place. Furthermore,
these genes may be intrinsically rapidly evolving. As the
rearrangement that led to Fxy becoming partially
pseudoautosomal was relatively recent, we can be much
more confident about the rapid sequence divergence.

Interestingly, the sequence divergence in the 3' region of
the gene was accompanied by an increase in G+C content
(47% overall for M. spretus and 57% for C57BL/6). This
was particularly marked in the third, ‘wobble’ position of
codons: 50% G+C for M. spretus and 73% for C57BL/6.
There was only a small (3.3%) increase in the first and
second codon positions and the 5' part of the gene was
similar in G+C content in all codon positions between the
two species. High G+C content has been associated with
regions of genomes that have a high frequency of recombi-
nation [21,22]. The only other mouse PAR gene isolated,
81s, 18 also highly G+C rich [23] and this may be a property
of genes in this part of the genome.

What might be responsible for the accelerated evolution
that we have observed? One possibility is that the
PAR-located portion of Fxy behaves like an autosomal
gene; these have been shown to evolve significantly faster
than X-linked genes [24-26]. Suggested reasons for the
lower rate of mutation of X-linked genes include the expo-
sure of deleterious recessive mutations on the hemizygous
X chromosome in males [27] and the greater number of
divisions of male than female germ cells [24,28]. Never-
theless, the effect that we observed was much larger than



the approximately twofold effect seen in rodents for either
of these possibilities [26,29]. An alternative possibility is
that the rapid divergence that we observed is due to the
much higher recombination frequency seen in the PAR
relative to the rest of the X chromosome. Studies in yeast
have suggested that recombinational events per se are
mutagenic because of errors in double-stranded DNA
repair [30]. Thus, it seems possible that the accelerated
evolutionary rate that we observed is due to errors in
double-strand break repair associated with recombination.
Other regions of vertebrate genomes with high recombina-
tion rates may also be subject to the same effect and this
might result in different rates of sequence divergence of
genes in separate evolutionary lineages dependent on their
chromosomal context.

Supplementary material

Supplementary material including methods used for the isolation of the
rat and M. spretus Fxy cDNAs and mapping of the gene in M. spretus
and additional methodological details are available at http://current-
biology.com/supmat/supmatin.htm.
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Supplementary results and discussion

Location of the Fxy gene in M. spretus

To locate the Fxy gene in M. spretus, we analysed the seg-
regation of variants of the gene in an interspecific back-
cross (EUCIB). Variants derived from both the 5" and the
3" end of the gene segregated in an X-unique fashion.
Therefore, in M. spretus, the Fxy gene is completely
X-unique, confirming a previous suggestion [S1], and is
located between the Amelogenin (Amel) [S2] and Chloride
channel (Clend) gene [S3,54] (Figure S1). A single recombi-
nant was found between the 5 and the 3' ends of the Fxy
gene, which located the gene between Amel and Clend (see
Supplementary materials and methods below for details of
the mapping assays).

Calculation of branch lengths of the 5" and 3’ portions of
the Fxy gene in R. norvegicus, M. spretus and M. musculus
(C57BL/6)

The program DIVERGE was used to calculate between-
species distances, and the branch lengths then calculated
by solving pairwise simultaneous equations (See Supple-
mentary materials and methods). We did this using rat as
an outgroup. The result is summarised in Table S1.

Comparing M. musculus and M. spretus directly (possible
because of the equal divergence time of these two
species), gave a 170-fold increase in the K| value in region
B. K, was very similar for M. musculus and M. spretus in
region A.

The acceleration in K, was difficult to quantify, as the
solution to the simultaneous equations for the K, value of
the 3' portion (region B) of M. spretus is a negative value.
Nevertheless, when we estimated the K, value by compar-
ing the ratio of region B to region A of the rat gene to
M. musculus, we obtained a ratio of 0.0032/0.0009 for rat

Table S1

Branch lengths between rat and mouse Fxy genes.

A B
Ks R. norvegicus 0.0855 0.1178
M. musculus 0.0059 0.3751
M. spretus 0.0128 0.0022
K, R. norvegicus 0.0009 0.0032
M. musculus 0.003 0.032
M. spretus 0.0012 -0.001

Figure S1
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Genetic mapping of Fxy in M. spretus. Haplotype analysis of Fxy
in the EUCIB interspecific backcross. Parental and recombinant
X chromosomes are shown for the total of 43 mice analysed.
Shaded boxes indicate the presence of the C57BL/6 allele and
unshaded boxes the M. spretus variant. The markers tested are
listed on the left.

and 0.032/0.003 for M. musculus, which is a 3.3-fold
increase, a2 much lower value than when this ratio is com-
pared with humans (40-fold).

Cloning and evolutionary analysis of the Fxy gene from

M. caroli

To provide a closer outgroup for the analysis of the Fxy
gene in M. musculus (C57BL/6) and M. spretus, we analysed
part of the gene in the mouse species M. caroli. This
species separated from the branch leading to M. musculus
and M. spretus approximately 5 million years (Myr) ago
[S5] (Figure S2). PCR primers derived from the M. spretus
cDNA (5'-ATGCCATTGGCCTTGCATAC-3" and 5'-
GGCCTCAACCTTTGTAATTCC-3') were used to
amplify part of exon 10 of the Fxy gene from M. caroli. An
alignment of this sequence with exon 10 from the
C57BL/6 and M. spretus Fxy gene is shown in Figure S3. It
is clear that this part of the gene is very similar in
M. spretus and M. caroli. This suggests that most of the
divergence seen in the C57BL/6 gene has occurred since
the separation of M. musculus and M. spretus.

To determine the rate of synonymous and non-synony-
mous substitutions, we used the DIVERGE program
(HGMP, Hinxton, UK; see Supplementary materials and
methods), which gives the results, expressed as substitu-
tions per site, shown in Table S2. Solving simultaneous
equations for the branch lengths of the unrooted tree for
these values gives the values shown in Table S3.

Comparing C57BL/6 and M. spretus directly and using
M. caroli as an outgroup gave a 29-fold increase in the rate
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Simplified diagram of rodent evolution. Divergence times are
controversial but are approximately: M. musculus domesticus and M.
musculus musculus, < 1 Myr; M. musculus and M. spretus, 3 Myr;

M. musculus/M. spretus and M. caroli, 5 Myr; Mus species and Rattus,
10-35 Myr [S5,S16-S19].

of synonymous substitution of the C57BL/6 sequence
when compared with M. spretus.

Although these figures are not directly comparable with
the figures derived from the entire gene presented in the
main paper, they do strongly support our contention that
the divergence of the 3' part of the Fxy gene has occurred
coincident with the movement of this portion of the gene

into the PAR.

Supplementary materials and methods

Cloning of cDNAs

The M. spretus Fxy DNA sequence was obtained by a combination of
PCR on M. spretus brain cDNA with primers derived from the human
nucleotide sequence [S6] and analysis of genomic DNA from the 3' end
of the gene by anchored PCR. Oligonucleotides derived from the human
FXY nucleotide sequence (5'-TGGCCTTCCTGGAATTGTTG-3' and 5'-
ATCATAGTCCAGCAGGATGC-3') [S6] amplify nucleotides 1-2074 of
the M. spretus cDNA using PCR conditions of 94°C, 30 sec; 52°C,
30 sec; 72°C, 90 sec for 30 cycles. The remaining 3' portion of the gene
was obtained by PCR on a M. spretus genomic library constructed using
a Clontech Universal Genome Walker kit. Nested oligonucleotides
derived from exon 10 of the M. spretus (5'-ATGCCATTGGCCTTG-
CATAC-3'") and the human nucleotide sequence (5'-TGAACTCCATC-
CACCTCTAC-3') [S6] and adapter-specific oligonucleotides (Clontech)
amplify a 1.2 kb band corresponding to nucleotides 2102—3348 of the
M. spretus cDNA from the genomic library.

The rat Fxy gene was cloned by PCR from rat liver cDNA. Oligonu-
cleotides derived from the human FXY nucleotide sequence (5'-TGGC-
CTTCCTGGAATTGTTG-3" and 5'-GGCCTCAACCTTTGTAATTCC-3')
[S6], amplify a product of 2.2 kb which includes the 5" UTR and termina-
tion codon of the gene. Southern analysis showed that the gene is

Table S2

Synonymous and non-synonymous substitution rates.

KS Ka
M. spretus/M. caroli 0.0276 0
C57BL/6/M. caroli 0.6616 0.0848
C57BL/6/M. spretus 0.6786 0.0848

X-unique in this species as is the case in M. spretus and humans (data
not shown). Automated DNA sequencing was performed by cycle
sequencing with Applied Biosystems Big Dye-containing terminators and
analysed on an Applied Biosystems 377 sequencer.

Genetic mapping

To map the 5' of the M. spretus Fxy gene, oligonucleotides derived
from intronic sequence 5' to exon 2 of the M. spretus Fxy gene (5'-
CAAAACTCTCCGGGGTCATC-3' and 5'-GCCTCTTCACCCTAAT-
GAAC-3') were used to amplify a 1.1 kb product from C57BL/6 and M.
spretus genomic DNA with the PCR conditions of 94°C, 30 sec; 52°C,
30 sec; 72°C, 60 sec for 38 cycles. Digestion of this PCR product with
Hinfl yields two bands of 480 bp and 620 bp from C57BL/6 genomic
DNA and three bands of 480, 330 and 290 bp from M. spretus
genomic DNA. To map the 3' end of the M. spretus Fxy gene, oligonu-
cleotides derived from exon 9 of human FXY gene [S6] (5'-ACTG-
GATCCCAAATCTGCTC-3' and 5'-GTGCTTCCACTTATGACCAC-3',
which amplify nucleotides 1547—1739 of the published human
sequence) were used to amplify a 192 bp product from M. spretus
genomic DNA using the PCR conditions of 94°C, 30 sec; 60°C,
30sec; 72°C, 30sec for 28 cycles. These oligonucleotides do not
amplify a corresponding product in C57BL/6 genomic DNA.

To map the Amel gene in M. spretus, oligonucleotides derived from
intronic sequence 5’ to exon 4 and from exon 6 of the Amel genomic
DNA sequence [S2] (5'-CTGACACATAGAAAGCATCC-3' and 5'-
TTGGTCTTGTCTGTCGCTGG-3', respectively) were used to amplify
an 890 bp product from both C57BL/6 and M. spretus genomic DNA
with the PCR conditions of 94°C, 30 sec; 52°C, 30 sec; 72°C, 60 sec
for 38 cycles. Digestion of the M. spretus PCR product with BstEll
results in two bands of 205 and 685 bp with no corresponding restric-
tion site in the C57BL/6 PCR product. The Clcn4 gene in M. spretus
was mapped using an assay which has been previously described [S3].

These assays were used to type mice from the EUCIB. Animals from
the portion of the backcross to C57BL/6 mice were scored and the
data analysed using the Mbx program [S7].

Evolutionary analysis

Sequence comparisons were performed using BLASTN [S8,S9] on
the NCBI website [S10]. Sequences were aligned using the PILEUP
program of the GCG suite of programs at the HGMP Resource
Centre, Hinxton, UK. The evolutionary distance for synonymous (silent)
substitutions (Kg) or non-synonymous substitutions (K,) between two
sequences was calculated with the GCG program DIVERGE which is
based on the method described by Li et al. [S11] as modified by Li
[S12] and Pamilo and Bianchi [S13] and applies Kimura’s two parame-
ter method [S14] to correct for multiple hits and to account for the dif-
ference in substitution rates for translesions and transversions. The
branch lengths for the unrooted tree connecting rat, M. spretus and
C57BL/6 were calculated by solving the appropriate simultaneous
equations for these three species which allowed us to compare the
C57BL/6 and M. spretus values directly using the rat sequence as an
outgroup (See Table S1). Phylogenetic analysis was performed using

Table S3

Divergence of exon 10 of the Fxy gene in mice.

K M. caroli 0.0053
M. spretus 0.0223
C57BL/6 0.6563

K, M. caroli 0
M. spretus 0
C57BL/6 0.0848
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Rat AAATCAGCTC CAAAACATGA ATGGATTGGG AAGAATTCTG CTTCCTGGGC CCTTTGCCGC 60
M. caroli AAATCGGCTC CAAAACATGA ATGGATTGGG AAGAATTCTG CTTCCTGGGC CCTCTGCCGC 60
M. spretus AAATCAGCTC CAAAACATGA ATGGATTGGG AAGAATTCTG CTTCCTGGGC CCTCTGCCGC 60
C57BL/6 AGATCGGCGC CGAAACACGA GTGGATCGGG AAGAACGCGG CGTCCTGGGC CCTCTGCCGC 60
Rat TGCAACAATA ACTGGGTGGT GAGACATAAC AGCAAGGAAA TACCCATTGA ACCAGCCCCC 120
M. caroli TGCAACAATA ACTGGGTGGT GAGACATAAC AGCAAGGAAA TCCCCATCGA GCCAGCCCCT 120
M. spretus TGCAACAATA ACTGGGTGGT GAGACATAAC AGCAAGGAAA TCCCCATCGA GCCAGCCCCT 120
C57BL/6 TGCCACAACC ACTGGGCGGT GCGACACGAC GGCAAGGAGA CCCCCATCGC GCCGGCCCCT 120
Rat CACCCCCGGC GTGTAGGCAT CCTGCTGGAC TATGATAATG GCTCAATCGC TTTTTATGAT 180
M. caroli CACCTCAGGC GCGTAGGCAT CCTGCTGGAC TATGATAATG GCTCAATCGC TTTTTATGAT 180
M. spretus CACCTCAGGC GCGTAGGCAT CCTGCTGGAC TATGATAATG GCTCAATCGC TTTTTATGAT 180
C57BL/6 CACCTCAGGC GCGTCGGCGT CCTGCTGGAC TACGACAACG GCTCCATCGC CTTCTACGAC 180
Rat GCTTTGAACT CCATCCACCT CTATACCTTC GATGTGGCGC TTGCGCAGCC TGTGTGCCCC 240
M. caroli GCTTTGAACT CCATCCACCT CTACACCTTT GACGTGGCGC TTGCGCAGCC TGTGTGTCCC 240
M. spretus GCTTTGAACT CCATCCACCT CTACACCTTT GATGTGGCGC TTGCGCAGCC TGTGTGCCCC 240
C57BL/6 ACTCTGAGCT CCGTCCACCT CCACACCTTC CACGCGGCGC TCGCGCAGCC CGTGTGCCCC 240
Rat ACCTTTACTG TGTGGAACAA GTGTTTGACG ATTATAACTG GTCTTCCCAT CCCAGACCAT 300
M. caroli ACCTTTACTG TGTGGAACAA GTGTTTGACG ATTATAACTG GTCTTCCCAT CCCAGACCAT 300
M. spretus ACCTTTACTG TGTGGAACAA GTGTTTGACG ATTATAACTG GTCTTCCCAT CCCAGACCAT 300
C57BL/6 ACCTTCACCG TGTGGAACAA GTGTCTGACC ATCGTCACGG GTCTGCCCAT CCCGGACCAT 300
Rat TTGGACTGTA CAGAACAGCT ACCT 324

M. caroli TTGGACTGTA CAGAACAGCT ACCT 324

M. spretus TTGGACTGTA CAGAACAGCT ACCT 324

C57BL/6 CTGGACTGTA CGGAGCAGCG ACCT 324 Current Biology

Alignment of sequences derived from exon 10 of the Fxy gene from
various Mus species and the rat. This region corresponds to
nucleotides 1781-2174 of the published M. musculus (C57BL/6) Fxy

sequence. Sequences were aligned using the PILEUP program of the
GCG suite of programs at the HGMP Resource Centre, Hinxton, UK.

the Maximum Likelihood method version 3.5¢ which uses the program
dnam14 on the PIE interface to the Phylip phylogenetic analysis pro-
grams at the HGMP [S15].
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