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Abstract

It has been suggested that recombination may be mutagenic, which, if true, would inflate intraspecies diversity and interspecies silent
divergence in regions of high recombination. Here, we test this hypothesis comparing human/orangutan genome-wide non-coding divergence
(K) to that in the pseudoautosomal genes which were reported to recombine much more frequently than the rest of the genome. We
demonstrate that, compared to the average human/orangutan non-coding divergence (K=3%), the substitution rate is significantly elevated in
the introns of SHOX (K=5.7%), PPP2R3L (K=8.7%) and ASMT (K=6.5%) genes located in the human and orangutan Xp/Yp
pseudoautosomal region (p-PAR), where recombination is over 20-fold higher than the genomic average. On the other hand, human/
orangutan non-coding divergence at the Xp/Yp pseudoautosomal boundary (K=3.5%) and in the SYBLI gene (K=2.7%), located in the human
Xg/Yq pseudoautosomal region (q-PAR), where recombination is known to be less frequent than in p-PAR, was not significantly higher than

the genome average. The data are consistent with the hypothesis that recombination may be mutagenic.

© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

There is experimental evidence that, at least in yeast,
recombination may cause a substantial increase in the
mutation rate (Strathern et al., 1995; Rattray et al., 2001).
If recombination is mutagenic by itself, regions of higher
recombination might have a higher mutation rate, resulting
in elevated intraspecies diversity and between species di-
vergence in such regions. Drosophila and human single
nucleotide polymorphism (SNP) variability was shown to
positively correlate with recombination (Aquadro et al.,
2001; Nachman, 2001), but this correlation is thought to
be due to background selection (Charlesworth et al., 1993)
and selective sweeps (Rice, 1987), which reduce diversity in
regions of low recombination. Recently, Lercher and Hurst
(2002) found a weak (+?<0.1), but significant correlation
between human SNP diversity and recombination rate
throughout the genome. As less than 5% of these SNPs
are in the proximity of the coding regions, it seems unlikely
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that background selection and selective sweeps may cause
such a correlation, suggesting a mutagenic role for recom-
bination (Lercher and Hurst, 2002).

The silent substitution rate is proportional to the mutation
rate (Kimura, 1983) and may be used as a proxy in the
comparison of mutation rates in different regions. Silent
divergence between human and mouse orthologous genes
was shown to correlate with recombination rate, suggesting
that recombination may elevate mutation rates (Lercher and
Hurst, 2002). In humans, the greatest density of recombi-
nation events yet observed for the human genome was in the
pseudoautosomal region (PAR) on the p-arms of the human
sex chromosomes (Lien et al., 2000), far above even the
‘jungles’ of high recombination elsewhere in the genome
(Yu et al., 2001a). If recombination is mutagenic, then there
is a good chance that this will be detected in the PAR. Perry
and Ashworth (1999) demonstrated that silent divergence
between the pseudoautosomal part of the mouse gene FXxy,
and its rat homologue is much higher than for the non-
pseudoautosomal part of this gene, suggesting a higher
mutation rate in the highly recombining pseudoautosomal
portion. It would be interesting to know whether a high
mutation rate is a property of PARs in other mammals,
especially in humans. Elevated genetic diversity was indeed
reported for the human PPP2R3L gene located in the PAR
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(Schiebel et al., 2000). On the other hand, diversity in
another human pseudoautosomal gene, SHOJX, is not higher
than elsewhere in the genome (May et al., 2002). A non-
coding pseudoautosomal region close to the Xp/Yp telomere
was reported to have a high substitution rate (Cooke et al.,
1985; Baird and Royle, 1997), however, subtelomeric
regions are known to evolve very fast, perhaps, due to
ectopic recombination with homologous sequences in the
subtelomeric regions of the other chromosomes (Mefford
and Trask, 2002).

Human X and Y chromosomes pair and recombine in
two small pseudoautosomal regions (PARs) at both ends of
the sex chromosomes (Cooke et al., 1985; Freije et al.,
1992). The short arms (Xp/Yp) of the sex chromosomes
contain the larger p-PAR, which is about 2.6 Mb in size
(Brown, 1988; Petit et al., 1988). Chiasmata between X and
Y chromosomes in the p-PAR are essential for the correct
segregation of the sex chromosomes in male meiosis (Bur-
goyne et al., 1992), resulting in a high recombination
frequency in this region. High resolution sperm typing
demonstrated that the recombination rate in the p-PAR is
greater than 20 times the genomic average of ~1 cM/Mb
(Lien et al., 2000). The long (Xq/Yq) arms contain a much
smaller g-PAR, which is about 0.4 Mb long (Ciccodicola et
al., 2000). Though the p-PAR was demonstrated to be the
same in humans, great apes and old world monkeys (Ellis et
al., 1990), the g-PAR exists only in humans (this region is
X-linked in apes) and it started to recombine with the Y
chromosome very recently, after the human/chimpanzee
split, probably due to a translocation of the distal part of
the Xq arm to the Yq (D’Esposito et al., 1997; Ciccodicola
et al., 2000). The recombination rate in the g-PAR is lower
than in the p-PAR, but it is still about six times more
frequent than on the rest of the X chromosome (Ciccodicola
et al., 2000).

Here, we report the estimates of human/ape silent diver-
gence for three p-PAR genes, SHOX (Rao et al., 1997; Belin
et al., 1998), PPP2R3L (Schiebel et al., 2000) and ASMT
(Rodriguez et al., 1994). Also, we measure the human/ape
non-coding divergence for the Xp/Yp pseudoautosomal
boundary (PAB) region (Ellis et al., 1990), and one q-PAR
gene, SYBLI (Matarazzo et al., 1999). We compare these
estimates to the genome wide human/ape divergence values
(e.g. Chen and Li, 2001) and demonstrate that all three p-
PAR genes, located in the region with high frequency of
recombination, accumulate substitutions significantly faster
than the autosomal and X-linked regions. We also report an
unusually high mouse/rat divergence in the mouse pseu-
doautosomal Sts gene, which is consistent with an earlier
observation of the elevated rate of silent substitutions in the
pseudoautosomal portion of the mouse Fxy gene (Perry and
Ashworth, 1999). These observations suggest that mamma-
lian pseudoautosomal regions mutate with unusually high
frequency, perhaps due to the elevated recombination rate in
these regions. The involvement of recombination is also
suggested by the fact that the SYBLI gene, located in the

human g-PAR and undergoing less recombination than the
p-PAR genes, does not diverge significantly faster than the
autosomal genes.

2. Materials and methods
2.1. Orangutan sequences

A sample of orangutan blood was kindly provided by the
Zoological Institute (London). Orangutan genomic DNA
was extracted from 0.25 ml of blood using the Qiagen
Blood DNA extraction kit. Using human genomic sequence,
we designed the primers for PCR amplification and se-
quencing of orangutan homologues (Table 1). Three frag-
ments (940, 946 and 1028 bp long) of the orangutan SHOX
gene were amplified using primer pairs SHOX+1 and
SHOX—12, SHOX+15 and SHOX—17 and SHOX+7 and
SHOX—-9 (hereafter “SHOX+1—12", “SHOX+15—17”
and “SHOX+7-9”, respectively). A 1.3-kb fragment of
the orangutan PPP2R3L gene was amplified with a primer
pair PPP+1 and PPP-5. A 0.95-kb fragment of the orangutan
ASMT gene was amplified with ASMT+6 and ASMT-7
primers. A 2-kb region around the pseudoautosomal bound-

Table 1

PCR and sequencing primers

Gene Name Sequence

ASMT ASMT+6 TGGGCGTGTTTGACCTTCTC
ASMT ASMT-7 TGACCGTGGTCAGGTAGTCG
ASMT ASMT+30 GGTTGCAGTGAGCCGAGATCG
PAB PAB+1 ACCGTGTCCAGCCTCTGGTATAC
PAB PAB-2 GCCTTTGTATAACAGCACTGGC
PAB PAB—4X TCAGCGTGACTATCGACCTTGC
PAB PAB—5X GGGAGAAGGCCTGGAAATTAT
PPP2R3L PPP+1 GAAGGGGCCGCTCTTCTATG
PPP2R3L PPP-2 CAAGAAGGGGACAAAGTCCTCC
PPP2R3L PPP-3 TGTAGCGCGAGTGGAACTCG
PPP2R3L PPP+4 AATCCTCCAGAACTGCCACG
PPP2R3L PPP-5 AGAGACCCCCAGAGAGCCTC
PPP2R3L PPP+6 CTACACCACGCGCCTCGTGTC
SHOX SHOX+1 AGCTCACGGCTTTTGTATCC
SHOX SHOX-2 ATTGTCTACGTGGTCCTTGAAC
SHOX SHOX-5 CCCAGGCGCTGGCTGAGCTC
SHOX SHOX+6 GAGTGGACCCGACCGGAGAC
SHOX SHOX+7 AGAACCGGAGAGCCAAGTGC
SHOX SHOX-9 CCTTCTTAACCAGGCAGCAAG
SHOX SHOX-12 ACACATCCTAAGCCGTCAGG
SHOX SHOX+13 GCGCGAGGACGTGAAGTCGG
SHOX SHOX+15 TGGGGATAGCGTCTCTCCGTAG
SHOX SHOX—-17 CAAACGCAATGAACCCATCC
SHOX SHOX+18 ACCTGCACAAAGAACCTGCTC
SHOX SHOX-19 TCATGCCATTATACTCCAGCC

XG XG+l1 CCCACCAAGAAGCCAAACTCAG
XG XG-2 CAACATACCGTGTTAGCCAGGA
XG XG-3 TTCACAGTGTTGTGCAGCCATC
XG XG+4 AGGTGAATCCCTAGAACCAGAAG
SYBLI SYBLI1+5 GATTTTGAACGTTCCCGAGC
SYBLI SYBL1—-6 GGACGCAGAGACACTGGAAC
SYBLI SYBL1-7 TGTTTCTGACCATGATTCCTTTC
SYBLI1 SYBL1+8 TTTGTGTCTTGCTTGTTTCAGTC
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ary was amplified with the pseudoautosomal PAB+1 and X-
specific PAB-4X primers. A 1.3-kb long intron of the XG
gene, located 6.5 kb distal to the Xp/Yp pseudoautosomal
boundary was amplified with primers XG+1 and XG2. A
2.3-kb long intron of the orangutan SYBL!/ gene was
amplified using primers SYBL1+5 and SYBL1—7. All the
regions were PCR amplified using Roche High Fidelity
PCR kit with the following conditions: 95 °C, 2.5 min, 58
°C, 1 min, 68 °C 3 min, followed by 34 cycles of 94 °C 0.5
min, X °C, 0.5 min and 68 °C 2.5 min (X is primer-specific
annealing temperature). The PCR products were gel-puri-
fied, extracted from the agarose gel using the Qiagen Gel
Extraction kit, cloned into pCR plasmid using the TA
cloning kit (Invitrogen) and sequenced using the BigDye
v3 sequencing system (ABI) on the ABI3700 automated
sequencer. For sequencing, the primers listed in Table 1
were used. GenBank accession numbers for the orangutan
PAR sequences: AY181053—-AY181060.

All the newly sequenced orangutan sequences were
aligned with human homologues using ProSeq software
(Filatov, 2002), and the regions annotated as coding in the
human homologues were removed. Pairwise human/orang-
utan divergence for non-coding regions was calculated as a
proportion of differences per nucleotide, or as a Kimura’s
distance measure (Kimura, 1980), using ProSeq software
(Filatov, 2002). The probability to observe the given or
larger number of substitutions between human and orangu-
tan homologues by chance was calculated from Poisson
distribution formula (Sokal and Rohlf, 1995).

For the PAR sequences, the GC content, the proportion of
CG-pairs, the number of (A or T)—(C or G) and (C or
G)—(T or A) mutations (GC% stationarity test, Eyre-Walk-
er, 1994), mutation spectra, transition/transversion ratios and
the number of mutations in CpG pairs in the PARs were
calculated using ProSeq software (Filatov, 2002). The role
of methylation, which causes frequent C—T transitions in
CG dinucleotides (Robertson and Wolffe, 2000), was stud-
ied as described in Filatov and Charlesworth (2002).

2.2. Building a distribution of human-orangutan divergence

A list of all GenBank (Benson et al., 2002) entries from
the genus Pongo (both orangutan sub-species) was obtained
using Entrez at the NCBI web-site. All against all compar-
isons were then made using FASTA (Wisconsin Package,
GCG) and all duplicate sequences (100% identity) were
removed to leave 450 sequences. Each of these sequences
was then BLAST-searched against GenBank. Where the
same piece of human sequence was matched by two or more
orangutan sequences, the longest orangutan sequence was
kept. This resulted in a set of 204 orangutan sequences with
putative human homologues. As the previous BLAST search
could have left us with very similar orangutan sequences
matching the same human sequence but under a different
accession, we then BLAST-searched these sequences against
the non-redundant set of human genome sequences

(RefSeq). This process automatically removed sequences
containing human repeats (45 sequences). After again filter-
ing for orangutan sequences sharing the same best match, we
were left with 91 good homologous pairs. Of these, 51
sequences had non-coding regions over 100 nucleotides in
length. Human and orangutan homologous sequences were
aligned using ProSeq (Filatov, 2002) and checked by eye. All
the coding sequences were excluded from further analysis,
resulting in 74130 non-coding sites from 51 different orang-
utan/human alignments. The pairwise human/orangutan di-
vergence was measured as a proportion of differences per site
between the two species.

2.3. Mouse-rat PAR divergence

Similarly, we also looked at the PAR divergence between
mouse and rat using the mouse PAR gene, Sts (GenBank
accession numbers U37545, U37138 and M16505 for the
mouse and rat Sts, and human S7S genes, respectively), and
the portion of Fxy gene pseudoautosomal in Mus musculus
(accession numbers: AF026565, AF186460 and AF186461
for M. musculus, M. spretus and Homo sapiens homo-
logues). As non-coding regions were unalignable, only
coding regions were analysed. The translated coding regions
were aligned using CLUSTAL W (Thompson et al., 1994)
and the protein alignments were used to align the nucleotide
sequences by eye in ProSeq. The synonymous divergence
(K) was calculated using MEGA (Kumar et al., 1994) using
the method of Li et al. (1985). The data of Wolfe and Sharp
(1993) were used to build the distribution of mouse/rat K
values across the genome.

To count the number of mutations of different types in
the mouse lineage, we reconstructed the sequence ancestral
to mouse and rat Sts genes using the human sequence as an
outgroup. Similarly, we reconstructed the sequence of the
Fxy gene in the ancestor of the M. musculus and M. spretus,
using the rat sequence as an outgroup. The reconstruction of
ancestral sequences was conducted by the baseml program
from the PAML package (Yang, 2001). The actual and the
reconstructed ancestral sequences were imported into Pro-
Seq and the number of mutations of different types were
analysed using the “Nucleotide mutation patterns” tool in
ProSeq.

3. Results
3.1. Human/orangutan divergence

To compare mutation rates in the frequently recombining
human p-arm pseudoautosomal region to those throughout
the genome, we sequenced three fragments of the orangutan
SHOX gene and one fragment from each of the PPP2R3L
and ASMT orangutan genes from the p-PAR, totalling 5.8 kb
of intron sequences (Table 2). We also sequenced two intron
regions (3.3 kb in total) from the pseudoautosomal portion
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Table 2
Mutation rates and patterns in p-PAR and q-PAR intron regions

Gene (fragment) Location Distance from  Recombination Length Mutations Divergence® Mutation patterns GC%
p-telomere ~ cM/Mb?* analysed  observed® K+SD Ts T™v TsTv CpG

PPP2R3LB p-PAR 150 kb¢ 15¢ 854 T2HA* 0.090+0.011 55 17 3.4 30 70.4
SHOX (+1-12) p-PAR 500 kb® 27¢ 681 37*** 0.057+0.009 18 19 0.95 8 63.3
SHOX (+15—17)  p-PAR 500 kb" 200-350% 600 25% 0.043+0.009 13 12 1.1 3 59
SHOX (+7-9) p-PAR 500 kb® 27° 877 58%* 0.070+£0.009 30 28 1.1 11 55.1
SHOX (all 3) p-PAR 500 kb" 27° 2157 120%** 0.058+0.005 61 59 1 22 58.8
ASMT p-PAR 1000 kb" 36° 722 S1¥** 0.065+0.009 35 16 2.19 19 55.5
XG (+1-2) p-PAR 2.6 Mb' 26° 956 30 0.033+0.006 19 11 1.7 4 39
XG (PABxy) p-PAR 2.6 Mb' 26° 1534 51 0.035+£0.005 29 22 1.32 11 432
XG (PABx) X-linked 2.6 Mb' 0 507 14 0.028+0.008 10 4 2.5 1 39.6
SYBLI q-PAR 151.7 Mb! 6" 2200 60 0.027+0.004 44 16  2.75 8 35.2

# Recombination in human male meiosis.

® Significantly more than expected from Poisson distribution assuming 3% average divergence (***) P<0.0001, (**) P<0.001, (*) P<0.05.

¢ Kimura’s distance (Kimura, 1980).

¢ Schiebel et al., 2000

¢ Lien et al., 2000.

"Rao et al., 1997.

€ May et al. (2002) described this region as a recombination hot spot.

h Rodriguez et al. (1994) and also from NCBI map of the X chromosome, build 29.

"Rappold, 1993.
JNCBI map of the X chromosome, build 29.
K Ciccodicola et al., 2000.

of the XG gene. One of these XG introns contains the Xp/Yp
pseudoautosomal boundary region (PAB) and another is
located about 6 kb distally to the PAB. Finally, a 2.2-kb
long intron of the orangutan X-linked SYBLI gene was
sequenced, which is located in the human g-PAR (Ciccodi-
cola et al., 2000).

Human/orangutan intron divergence in the SHOJX,
PPP2R3L and ASMT genes (Table 2), was significantly
higher than the average 2.5—-3% human/orangutan silent
divergence reported before (Li, 1997; Chen and Li, 2001).
Divergence in the pseudoautosomal XG introns was slightly,
but not significantly higher than the divergence in the X-
linked portion of the XG intron. Divergence in the g-PAR
gene, SYBLI, was 2.8%, close to the human/orangutan
divergence value reported before (Li, 1997; Chen and Li,
2001).

To obtain a better estimate of the genome wide human/
orangutan silent divergence and to study the correlation of
divergence with recombination rate (see Fig. 2 below), we
downloaded all the orangutan sequences available in Gen-
Bank, removed all the redundant and repetitive sequences
and aligned with human homologues, as described in
Materials and methods section. A total of 74130 non-coding
sites from 51 different orangutan X-linked and autosomal
sequences were aligned with their human homologues.
There were 2116 differences between the human and
orangutan sequences, giving an average divergence of
2.85+0.061%. The distribution of human/orangutan diver-
gence values is shown in Fig. 1A. SHOX, PPP2R3L and
ASMT genes, are located in the right tail of the distribution.
The probability that these genes show such high divergence
by chance is negligible (Table 2).

3.2. Mouse/rat divergence

The high substitution rate in the human and ape p-PAR is
in agreement with the elevated substitution rate in the
pseudoautosomal part of Fxy (Perry and Ashworth, 1999),
the gene spanning the PAR boundary of Mus musculus
(Palmer et al., 1997). To investigate whether this effect is
just a peculiarity of the Fxy gene, or it is the property of the
entire rodent PAR, we estimated divergence between mouse
and rat Sts genes, the only other known mouse pseudoau-
tosomal gene (Salido et al., 1996). As mouse and rat Sts
genes are unalignable in introns, we used synonymous
divergence, K, for this comparison. The mouse/rat diver-
gence at silent sites in the Sts gene is 81.4%, which is much
higher than the average mouse/rat silent divergence in X-
linked (14.63+0.85%) and autosomal (23+0.44%) genes
(McVean and Hurst, 1997).

3.3. Substitution patterns in the pseudoautosomal genes

In total, 324 substitutions (199 transitions and 125 trans-
versions) in non-coding regions between human and orang-
utan p-PAR genes were observed (Table 2). The average
transition/transversion ratio (ts/tv) for p-PAR genes is 1.59,
close to the ts/tv ratio of 1.4 reported for human pseudo-
genes (Li et al., 1984). However, the ts/tv ratio varied
between the genes studied (Table 2). All the three regions
sequenced for the SHOX gene showed fairly low ts/tv ratio.
The ts/tv ratio for the pseudoautosomal part of the p-PAR
boundary was also fairly low (Table 2). This contrasts with
the mutation pattern in the PPP2R3L, ASMT and in the
SYBLI genes. The high ts/tv ratio in the PPP2R3L and
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Fig. 1. Distribution of (A) non-coding human/orangutan divergence and (B) synonymous mouse/rat divergence. The divergence of pseudoautosomal genes is

shown by the callouts.

ASMT genes may partly be explained by the high proportion
of C—T and G—A transitions in CpG dinucleotides. Al-
though the proportion of CpG mutations in the other genes
is lower than in PPP2R3L and ASMT, all the regions showed
significant lack of CG pairs, compared to the expected from
local GC content. Neither of the p-PAR genes, nor the
SYBLI gene deviated significantly from GC content statio-
narity: the number of (A or T)—(G or C) substitutions was
not significantly different from the number of substitutions
in the opposite direction (GC% stationarity test, Eyre-
Walker, 1994).

We also studied substitution patterns in the mouse
pseudoautosomal Sts gene and in the 3’ part of Fxy, which
is pseudoautosomal in M. musculus (Palmer et al., 1997).
Using the rat Fxy sequence as an outgroup, we reconstructed
ancestral sequence and counted the number of mutations of

each type in the M. musculus lineage after the split from M.
spretus. Out of the 126 substitutions at all three codon
positions, 42 were A—G and 53 were T—C transitions.
Among the remaining 31 substitutions, 11 were T—G and
14 A—C transversions, and only six were of all the other
types (ts/tv=3.35+0.02). Given such a biased mutation
pattern, it is not surprising that GC content in the pseu-
doautosomal portion of M. musculus Fxy gene increased to
55.5%, compared to 49.1% in M. spretus.

A similar, but less pronounced pattern was detected in
the Sts gene in the mouse lineage after the mouse/rat split,
using human STS sequence as an outgroup. This gene is
pseudoautosomal in M. musculus, but X-linked in rat and
humans (Salido et al., 1996; Li et al., 1996). Of the 381
substitutions detected among the 1602 sites analysed, the
most frequent were A—G (79) and T—C (83) transitions.
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The second most frequent substitution type was G—C (60)
and C—G (58) transversions, followed by A—C (43) and
T—G (29) transversions. All these substitutions either
increase, or do not affect the GC content. The number of
substitutions decreasing GC content was much smaller, only
29 (G or C)—(T or A) substitutions were observed. The
total GC content in the mouse Sts gene rose to 75.4%,
compared to 62.6% and 52.2% in rat and human homologs,
respectively. Four-fold degenerate sites in mouse Sts are
almost exclusively represented by G or C (GC%=98%),
while in rat and human homologs GC%=73.3 and 56.9%,
respectively.

4. Discussion
4.1. Substitution rates in the PARs

We have demonstrated that the human p-PAR genes
SHOX, ASMT and PPP2R3L exhibit significantly higher
human/orangutan silent divergence compared to the autoso-
mal and X-linked regions (Fig. 1A and Table 2). Similarly,
the mouse/rat synonymous divergence in the pseudoautoso-
mal Sts gene is substantially higher than the average mouse/
rat autosomal divergence (Fig. 1B). Our observations are
consistent with an elevated synonymous substitution rate in
the pseudoautosomal portion of the Fxy gene in Mus
musculus (Perry and Ashworth, 1999). As the silent substi-
tution rate is proportional to the mutation rate (Kimura,
1983), such unusually high divergence might reflect an
elevated rate of mutations in the human and orangutan p-
PAR and also in the mouse PAR. On the other hand, the
divergence in the SYBLI gene is fairly close to the average
autosomal divergence between the two species, suggesting
that either q-PAR genes do not experience an elevated
substitution rate, or that the q-PAR is too recent to detect
any elevation of substitution rate. The age of the g-PAR is
unknown, but it must be younger than the split between
humans and chimpanzees, as this region is X-linked in apes
(Ciccodicola et al., 2000).

It is interesting that the pseudoautosomal portion of the
XG gene near the PAR boundary only shows a moderate
(and non-significant) increase in substitution rate compared
to the X-linked portion of the same gene, and to X-linked
and autosomal genes. This may suggest that the frequency
of recombination close to the pseudoautosomal boundary is
not very high (if recombination is the source of elevated
mutation rate in the p-PAR genes). Unfortunately, the best
available estimates of recombination in the p-PAR (Lien et
al., 2000) are not detailed enough to measure local recom-
bination rate within several kilobases of the pseudoautoso-
mal boundary.

Although divergence in the SHOX, ASMT and PPP2R3L
genes is consistently higher than in the autosomal and X-
linked genes, there is considerable variation in divergence
between these genes. The PPP2R3L gene diverges faster

than the two other p-PAR genes. Partly, it may be explained
by high GC content in the PPP2R3L (70%) and frequent
C—T transitions in the CG dinucleotides, which are thought
to be due to deamination of 5-methylcytosine in methylated
CG (Robertson and Wolffe, 2000). PPP2R3L is also fairly
close to the telomere which may result in much higher
divergence in that region (Mefford and Trask, 2002).

Three separate regions sequenced from the orangutan
SHOX gene also show somewhat different divergence
(Table 2), with a maximum of 7% at the “SHOX+7-9",
and a minimum of 4.3% at the “SHOX+15—17". It is
interesting that the slowly diverging “SHOX+15—17", is
located in the region which was reported to be a hot spot of
recombination in humans, with recombination being as high
as 190-370 cM/Mb (May et al., 2002). Another recombi-
nation hot spot in the human 74AP2 gene showed high
human diversity, but no elevation in the human/ape diver-
gence (Jeffreys et al., 2000). If recombination is mutagenic,
recombination hot spots are expected to show higher hu-
man/ape silent divergence than the other regions, unless
such hot spots are not of very recent origin. We do not know
anything about the timescale of the recombination hot spots.
On theoretical grounds, it was argued that such hot spots
should be fairly short-lived (Boulton et al., 1997). Jeffreys
and Neumann (2002) reported an interesting case where a
recombinational hot spot in the human major histocompat-
ibility complex depended on heterozygosity in a single SNP
in the middle of the hot spot, suggesting that the high rate of
recombination in this region is not a long-lasting phenom-
enon. Thus, the hot spot in the SHOX gene may not have
existed for long enough to elevate the number of substitu-
tions in this region. It would be interesting to test whether
this recombinational hot spot exists in chimps, which would
address the issue of its age.

4.2. Causes of elevated substitution rate in pseudoautoso-
mal regions

Y chromosomes are known to have elevated substitution
rate compared to the X chromosomes and autosomes
(Shimmin et al., 1993; Agulnik et al., 1997; Filatov and
Charlesworth, 2002; Makova and Li, 2002, but see Bohos-
sian et al., 2000 for the opposite conclusion). The reasons
for this are thought to be the higher number of cell divisions
in the male germ line (Miyata et al., 1987) and a higher per
replication mutation rate on the Y chromosome (Smith and
Hurst, 1999; Filatov and Charlesworth, 2002). If the SHOX,
ASMT and PPP2R3L genes are Y-linked in orangutan, this
may result in the elevated human/orangutan divergence.
However, the p-PAR boundary was demonstrated to be the
same in humans, apes and old world monkeys (Ellis et al.,
1990). It was suggested that the modern boundary of the p-
PAR was formed in the progenitor of simian primates due to
a translocation of SRY into the larger ancestral PAR (Glaser
et al., 1999). Several human p-PAR genes (SHOX, IL3RA,
CSF2RA and ANT3) are known to be pseudoautosomal in
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lemurs, sheep and dogs (Blaschke and Rappold 1997;
Glaser et al., 1999). Thus, the p-PAR is fairly old and
conserved, and the homologs of the SHOX, PPP2R3L and
ASMT should be pseudoautosomal in orangutan.

Pseudoautosomal genes spend an equal amount of time
in males and females, so the differences in the number of
cell divisions between males and females cannot affect
substitution rates in the PARs. However, different chromo-
somes may have different mutation rates (Lercher et al.,
2001), and if Y chromosomes accumulate substitutions
faster than the autosomes (e.g. Filatov and Charlesworth,
2002), this may elevate the mutation rate in the PAR, which
spends one fourth of the time as a part of the Y chromo-
some. If this was the case, the substitution rate in the PAR
genes should only be a fraction of that in the Y-linked genes.
The human/orangutan silent divergence available for five Y-
linked regions ranges from 3.9% in a ZFY intron (Shimmin
et al., 1993) to 8.2% in a TSPY intron (Kim and Takenaka,
1996), and is not significantly higher than in the p-PAR
(data not shown), suggesting that a higher mutation rate on
the Y chromosome cannot explain the elevated substitution
rate in the p-PAR.

Pseudoautosomal genes are known to experience a storm
of recombination (Lien et al., 2000), so a high rate of silent
substitutions is highly suggestive that recombination is a
source of mutations. This hypothesis explains why pseu-
doautosomal genes diverge much faster than autosomal and
X-linked ones. It is also consistent with the positive corre-
lation of human recombination rate with genome-wide
human SNP diversity and with human/mouse divergence
reported by Lercher and Hurst (2002). Furthermore, we
would expect to see a positive correlation of human/orang-
utan divergence with recombination rate in humans. The
correlation detected by Lercher and Hurst (2002) was fairly
weak (+7<0.1). However, for a human/orangutan compari-
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son, one might expect to see a stronger effect, as the
recombinational map might be conserved between these
species. However, our attempt to detect such a correlation
was not successful (+?=0.061, Fig. 2), suggesting that the
effect (if real) is too weak to be detected with the amount of
data available for orangutan. Moreover, the slowly diverg-
ing SHOX+15—17 region, located in the recombination hot
spot, and the low divergence in the XG introns seems to
contradict the hypothesis that recombination is mutagenic,
however, a more detailed recombination map for the XG
gene is needed to draw the conclusion.

4.3. Substitution patterns

Recombination rate is known to correlate with GC
content, for example GC-rich isochores usually have an
elevated recombination frequency (Eyre-Walker, 1993; Full-
erton et al., 2001). The causal relationship between GC
content and the recombination rate is not clear (reviewed by
Eyre-Walker and Hurst, 2001). On one hand, the sequence
itself can affect recombination frequency (Wahls, 1998;
Majewski and Ott, 2000). On the other hand, recombination
may change GC content due to biased gene conversion
(Lamb, 1986; Galtier et al., 2001). Selection may also play a
substantial role in establishing GC content of certain ge-
nomic regions (Eyre-Walker, 1999; Bernardi, 2001). In the
pseudoautosomal regions, however, it may be possible to
disentangle these processes. As frequent recombination in
the p-PAR is probably due to obligate chiasmata in male
meiosis, it might be likely that high GC content in the p-
PAR is the consequence rather than the cause of the elevated
recombination rate.

The p-PAR is quite old, as the Xp/Yp pseudoautosomal
boundary was demonstrated to be the same in humans, great
apes and old world monkeys (Ellis et al., 1990), thus it is not

000
*

0 T T T T T
0 025 05 0.75 1 1.25

T
1.5

T T T T T T T 1
175 2 225 25 275 3 325 35

Recombination (cM/Mb)

Fig. 2. Plot of human/orangutan non-coding divergence versus human recombination rate (Kong et al., 2002) for the 51 pair of homologous X-linked and

autosomal regions in the two species.
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surprising that we have not detected significant deviation
from GC content stationarity. The human g-PAR, however,
is very young, perhaps younger than the split of humans and
chimpanzees, since in the apes, this region is X-specific
(Ciccodicola et al., 2000). Although recombination in the g-
PAR is about six-fold higher than elsewhere on the X
chromosome (Ciccodicola et al., 2000), the proximal part
of the g-PAR is GC-poor (GC content is 32%). We
hypothesise that this is due to a very recent origin of the
g-PAR and the GC content of this region will increase with
time, i.e. there should be more (A or T)—(G or C) mutations
than the mutations in the opposite direction. Unfortunately,
we failed to detect a significant non-stationarity of GC
content in the SYBLI gene, which may be either due to
too few substitutions observed, or due to a very recent origin
of the human g-PAR. We did detect, however, a significant
deviation from GC content stationarity in the Mus musculus
Fxy and Sts genes. The entire Sts gene and the 3’ part of the
Fxy gene are pseudoautosomal in the house mouse (Salido
et al., 1996; Palmer et al., 1997), but both Sts and Fxy genes
are located in the differentiated part of the rat X chromo-
some (Li et al., 1996; Perry et al., 1998). The number of (A
or T)—(G or C) mutations in the mouse lineage massively
exceeds the number of mutations in the opposite direction,
resulting in the elevated GC content in both M. musculus
genes, compared to the rat homologues, consistent with the
hypothesis that recombination biases GC content upwards
(e.g. Galtier et al., 2001).

It is interesting that in the mouse Fxy and Sts genes and in
the human PPP2R3L and ASMT genes the ts/tv ratio is fairly
high. In mouse genes, where we can establish the direction of
mutations, it is clear that the ts/tv ratio is inflated due to
A—G and T—C transitions. The excess of such transitions
may be the result of biased gene conversion events (Lamb,
1986; Galtier et al., 2001). In the human/orangutan compar-
ison, we also see a substantial excess of A—>G and T—~C
transitions, however, we cannot establish the direction of
mutations since no outgroup sequence is available. It may be

either due to biased gene conversion which would inflate the
number of A—G and T—C mutations, or due to spontaneous
deamination of 5-methylcytosine in methylated CG dinu-
cleotides which would cause C—T and G—A transitions
with high frequency (Robertson and Wolffe, 2000). The fact
that most of the transitions in the PPP2R3L and ASMT genes
occurred in CG dinucleotides (Table 2) suggests that they
might be C—T and G—A transitions.

4.4. Mutation rates and human DNA diversity

A high mutation rate in the p-PAR genes may result in
the elevated human genetic diversity in this region. Indeed,
Schiebel et al. (2000) reported that the human DNA diver-
sity in the PPP2R3L gene is as high as E(0)=0.5%. On the
other hand, May et al. (2002) reported much lower diversity
(0=0.07%) in the SHOX gene. May et al. (2002) reported 61
SNPs detected in a screen of six regions in and around the
SHOX gene (26 kb in total) in seven individuals, which
gives us E(0)=S/(X1/i)=61/2.45=24.9 per sequence (where S
is the number of segregating sites, and i increases from one
to the number of individuals sampled minus one, Watterson,
1975), or about 0.1% per nucleotide, slightly higher than
0=0.07% reported by May et al. (2002). The diversity in the
SHOX gene was measured by allele-specific oligonucleotide
hybridization (May et al., 2002), which may have resulted in
rare polymorphic sites being missed and the 0 reported by
May et al. (2002) being biased downwards. However, the
difference between the two 0 estimates is not large and both
values are close to the estimates of DNA diversity in the
autosomal and X-linked regions (Kaessmann et al., 1999;
Jaruzelska et al., 1999; Nachman and Crowell, 2000; Zhao
et al., 2000; Yu et al., 2001b), and substantially lower than
the E(0)=0.5%, reported for the PPP2R3L gene (Schiebel et
al., 2000).

Variation in mutation rates between the regions may be
one of the causes of genetic diversity differences between
the genes. Using orangutan sequences as the outgroups, we

Table 3

HKA tests for PAR, X-linked and autosomal genes

Locus SHOX*® PPP2R3L® Zfx° Xq13.3¢ DMD-i7° DMD-i44° Chrlf Chr228
SNP 61 120 10 33 9 19 48 75
Length (bp) 26,000 20,299 1089 10,000 2389 3000 10,000 10,000
Sample size 7 2 335 69 41 41 122 128
Substitutions 120 72 32 300 48 84 245 306
Length (bp) 2157 854 1213 10,000 1383 2982 9017 9777
HKA P-values"

SHOX - <0.00001 %% 0.0004%** 0.143 0.171 0.0001 *** 0.071 0.004*
PPP2R3L <0.00001 %% - 0.923 0.019* 0.127 0.855 0.019* 0.105

* Diversity data from May et al., 2002, divergence from this study.

® Diversity data from Schiebel et al., 2000, divergence from this study.
¢ Jaruzelska et al., 1999.

4 Kaessmann et al., 1999.

¢ Nachman and Crowell, 2000.

"Yu et al., 2001b.

& Zhao et al., 2000.

" The significant values (***P<0.001, **P<0.01, *P<0.05) indicate a lack of diversity in the SHOX and an excess of diversity in the PPP2R3L gene.
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can test whether the differences in mutation rates between
the regions are sufficient to explain the observed differences
in human DNA diversity (HKA test, Hudson et al., 1987).
To conduct the HKA tests for the SHOX gene, we used 61
segregating sites detected by May et al. (2002) in 26 kb
sequenced from seven individuals. We cannot use the larger
number of individuals genotyped in this study because the
number of polymorphic sites (SNPs) comes from the orig-
inal sequence of seven individuals, and further genotyping
did not add additional polymorphic sites. For the PPP2R3L
gene, we used the number of polymorphic sites (S=120)
estimated according to Watterson (1975) formula from the
diversity estimate n=0.5% reported for two 20-kb sequences
by Schiebel et al. (2000). The divergence estimates for
PPP2R3L and SHOX used for the HKA test are shown in
Table 2 (three SHOX regions pooled). The comparison of
diversity in the SHOX and PPP2R3L genes by the HKA test
shows a significant (P<0.00001) difference in diversity
between the two regions, suggesting that the difference in
mutation rate between the two regions is not sufficient to
explain the difference in diversity (Table 3).

The results of the pairwise HKA tests for the comparison
of the two p-PAR genes with the diversity in several human
X-linked and autosomal genes for which an orangutan
outgroup sequence is available (Kaessmann et al., 1999;
Jaruzelska et al., 1999; Nachman and Crowell, 2000; Zhao
et al., 2000; Yu et al., 2001b) is shown in Table 3. The
diversity in the PPP2R3L gene, corrected for the higher
mutation rate, is marginally higher than in the Xql3 and
chromosome | non-coding sequences, and not significantly
higher than the other X-linked and autosomal genes, sug-
gesting that the excess of diversity in the PPP2R3L gene
may, at least partly, be explained by the higher mutation rate
in this gene we reported here. On the other hand, with the
correction for mutation rate differences, SHOX shows a
highly significant lack of diversity compared to the last
ZFX intron, intron 44 of the DMD gene and the non-coding
region on chromosome 22. Thus, it is quite likely that the
diversity in the SHOX gene is lower than expected from the
mutation rate in this region and, perhaps, it is reduced by
some additional factor. Mutations in the SHOX gene might
be highly deleterious, as they have been associated with
Leri-Weill dyschondrosteosis (Shears et al., 1998), however,
it is not clear how this can reduce diversity in a region with
such a high frequency of recombination. Overall, the results
of the HKA tests suggest that the high diversity in the
PPP2R3L gene is mostly due to a high underlying mutation
rate, while the diversity in the SHOX is reduced, compared
to that expected from the mutation rate in this gene.

5. Conclusions
We demonstrated that the human and mouse pseudoau-

tosomal genes, undergoing frequent recombination, accu-
mulate silent substitutions significantly faster than the

autosomal and the X-linked genes, which seems to suggest
that recombination elevates mutation rate in the pseudoau-
tosomal regions. However, this effect might be fairly weak,
as the human g-PAR and the XG gene located at the p-PAR
boundary do not show an elevated substitution rate. Overall,
our data do not contradict the hypothesis that recombination
is mutagenic, but further studies are needed to draw the final
conclusion.
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