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It is important to characterise the amount of variation on the
mammalian Y chromosome in order to assess its potential for
use in evolutionary studies. We report very low levels of
polymorphism on the Y chromosome of Saudi-Arabian
hamadryas baboons, Papio hamadryas hamadryas. We
found no segregating sites on the Y, despite sequence
analysis of 3 kb noncontiguous intron sequence in 16 males
with divergent autosomal microsatellite genotypes, and a
further analysis of 1.1 kb intron sequence in 97 males from
four populations by SSCP. In addition, we tested seven
human-derived Y-linked microsatellites in baboons. Only four
of these loci were male-specific and only one was poly-
morphic in our 97 male sample set. Polymorphism on the Y
chromosome of Arabian hamadryas appears to be low
compared to other primate species for which data are

available (eg humans, chimpanzees and bonobos). Low
effective population size (Ne) of paternal genes due to
polygyny and female-biased adult sex ratio is a potential
reason for low Y chromosome variation in this species.
However, low Ne for the Y should be counterbalanced
to some extent by the species’ atypical pattern of male
philopatry and female-biased dispersal. Allelic richness
averaged over seven loci was not significantly different
between an African and an Arabian population, suggesting
that loss of variation during the colonisation of Arabia does
not explain low Y variation. Finally, in the absence of
nucleotide polymorphism, it is unclear to what extent selection
could be responsible for low Y variation in this species.
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Introduction

There is substantial interest in using the mammalian Y
chromosome in evolutionary genetics, particularly in
combination with mitochondrial DNA (mtDNA), to give
a more comprehensive perspective on a species’ evolu-
tionary history (Hurles and Jobling, 2001; Petit et al,
2002). This is primarily because a large portion of the Y
does not recombine and is inherited from father to son.
Haplotypic data are therefore readily accessible and
patterns of variation should reflect the population
history of males. Despite the success of Y chromosome
analysis for the study of human population structure,
evolutionary history and differences in behaviour of the
sexes (reviewed in Hurles and Jobling, 2001; Stumpf and
Goldstein, 2001; Jobling and Tyler-Smith, 2003), the Y has
yet to realise its full potential in studies of non-human
populations (exceptions include: Boissinot and Boursot,
1997; Tosi et al, 2000, 2002, 2003; Stone et al, 2002; van
Hooft et al, 2002; Brändli et al, 2005).

One reason for the small number of studies employing
the Y chromosome is that polymorphism is generally
lower than in other regions of the genome (International
SNP working Group, 2001; Hellborg and Ellegren, 2004).

This may be explained by a greater influence of genetic
drift on the Y because of its low effective population size
(Ne, the copy number of the Y is one quarter that of the
autosomes and variance in reproductive success is
generally higher in males than in females), demographic
history (such as recent bottlenecks), and directional
selection (in the absence of recombination). Early studies
of human Y chromosomes reported very low levels of
polymorphism (eg Dorit et al, 1995; Hammer, 1995;
Whitfield et al, 1995) and this has probably deterred
researchers from using the Y, since a large sequencing
effort is required to find variation. In human studies at
least, the idea of the ‘uninformative Y’ has now been
dismissed thanks to the development of a large panel of
single nucleotide polymorphisms (SNPs) and micro-
satellite loci on the human Y (eg Underhill et al, 2000;
Kayser et al, 2004). These developments have encouraged
human population studies, but studies of other species
still lag behind. Fortunately, thanks to recent genome
sequencing efforts, it has been possible to develop con-
served primers for the Y in a range of non-human
mammals (eg Hellborg and Ellegren, 2003; Erler et al,
2004), and the use of the Y chromosome in population
genetics of other species has become a real possibility.
Characterisation of the amount of variation on the Y
chromosome is the next step in realising the Y’s potential.

In this study, we tested a panel of Y-linked markers
(total B3.6 kb intron sequence and seven microsatellite
loci) to quantify the amount of Y chromosome variation
in samples of male hamadryas baboons (Papio hamadryasReceived 6 May 2005; accepted 21 December 2005
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hamadryas) from four Saudi-Arabian populations. We
interpret our results in terms of male effective population
size, demographic history of our study populations and
the possibility for selection on the Y, and consider the
general implications of our findings for application of the
Y chromosome in population genetics.

Methods

Samples
We analysed a total of 97 males sampled from four
Saudi-Arabian populations (Abha n¼ 69, Baha n¼ 12,
Taif n¼ 13, Al-Akhal n¼ 3), which are distributed along a
north-south transect with about 200 km separating each
population (Figure 1). Sampling methods and DNA
extraction are described in Hammond et al (in revision).
For sequence analysis, we first chose eight males (Abha
n¼ 5, Baha n¼ 1, Taif n¼ 1 and Al-Akhal n¼ 1) from our
total of 97 ensuring that there were animals from each
population and avoiding males that were likely to be
closely related given our knowledge of the social
structure of the Abha population (Hammond et al, in
revision). After finding no sequence variation in this
sample set, we chose an additional eight individuals
(Abha n¼ 6, Baha n¼ 1 and Taif n¼ 1) by analysing
published data from 19 autosomal loci (16 microsatellite
and three protein loci; Hammond et al, in revision) using
the programme STRUCTURE (Pritchard et al, 2000). We
used STRUCTURE to identify the most genetically
distinct eight groups of male baboons so as to maximise
our chances of detecting variation in our sample of Y
chromosomes. We specified eight genetic clusters (k¼ 8)
and used the admixture option, a burn-in of 50 000
iterations and 100 000 iterations of the Gibbs sampler. We
then randomly selected one male from each of the eight
clusters for sequencing.

Intron sequencing
Approximately 3 kb (2968 bp) from four Y-linked introns
(UTY11, DBY1, DBY13 and DBY14, where the first three
letters refer to the name of the gene and the numbers
refer to the intron, Table 1, Hellborg and Ellegren, 2003)

were amplified and sequenced in the subset of 16 males.
PCR reactions contained B40 ng DNA, 0.2 mM each
primer, 0.2 mM dNTPs, 1�PCR buffer, 2.5 mM MgCl2
and 1.5 units Taq polymerase (Qiagen) in a 50ml total
volume, and PCRs were performed in a PE9700 (Perkin-
Elmer) thermocycler. Cycling conditions, with a touch-
down annealing step in the first 20 cycles, were as
follows: initial denaturation at 951C for 5 min, followed
by 20 cycles of 951C for 30 s, anneal (decreasing by 0.51C/
cycle from either 60–501C or 55–451C, Table 1) for 60 s,
and extension at 721C for 90 s, followed by a further 20
cycles using the lowest annealing temperature, and a
final extension of 721C for 10 min. Y chromosome
specificity was verified by absence of PCR product in
female controls. PCR products were purified using the
QIAQuick PCR purification kit (Qiagen), and eluted in
30ml dH2O. All loci were sequenced in both directions
using the same primers used for PCR by a commercial
sequencing service (Microsynth, Switzerland).

Intron SSCP
The loci DBY4, DBY8, DBY14 and ZFY4 (Hellborg and
Ellegren, 2003) were analysed in all 97 males using
single-strand conformational polymorphism (SSCP) of
PCR products (note that DBY14 was analysed by both
sequencing and by SSCP). PCR conditions were the same
as described for sequence analysis except that a 60 s
extension time was used. As for sequencing, Y chromo-
some specificity was verified by absence of PCR product
in female controls. Post-PCR, 3ml of PCR product
was mixed with 7ml of formamide (99%), 10 mM NaOH
and bromophenol blue (0.005%) and denatured at 951C
for 10 min. SSCP analysis was carried out using GMAt
gels and SEA 2000t Advanced submerged gel electro-
phoresis apparatus (Elchrom Scientific, Switzerland)
for 12 h at 6 V/cm with the gel temperature maintained
at 5741C in accordance with the manufacturer’s guide-
lines for optimal separation of ssDNA. Gels were stained
for 30 min in 1�TAE containing 0.01% SYBR Gold
(Molecular Probes, USA) and SSCP bands visualised by UV.

Microsatellite analysis
We tested seven published human-derived Y-specific
microsatellite primer combinations. Six of these loci
(DYS472, DYS557, DYS569, DYS576, DYS579, DYS645,
Kayser et al, 1997, 2004) have been shown to be
polymorphic, or are potentially so, in mandrills (Erler
et al, 2004) but have never before been tested in baboons.
The seventh locus (DYS391, Kayser et al, 1997, 2004) has

Figure 1 Range and sampling. Geographic distribution of P.
hamadryas hamadryas shown in grey, with sampling localities,
represented by stars, separated by approximately 200 km each. ‘n’
is the number of males sampled and analysed at each locality.

Table 1 Details of introns analysed

Locusa Tab Size
humansa

Size
baboons

Analysis method # individuals

DBY1 60–50 927 927 Sequencing 16
DBY4 55–45 281 281 SSCP 97
DBY8 60–50 185 185 SSCP 97
DBY13 55–45 406 700 Sequencing 16
DBY14 60–50 441 441 Sequencing/SSCP 16/97
UTY11 55–45 900 900 Sequencing 16
ZFY4 55–45 200 200 SSCP 97

aSee Hellborg and Ellegren (2003) for primer sequences.
bTouchdown annealing temperatures.
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been shown to be polymorphic in African hamadryas
baboons (Woolley-Barker, 1999). Primer sequences for
these loci are available from http://www.gdb.org/. All
loci were tested for male-specific amplification in two
males and one female, using a range of conditions.
Optimised PCR reactions contained 1mM of each primer
(forward primer 50 fluoro-labelled), 0.2 mM dNTPs,
1�PCR buffer, 1.5–2.2 mM MgCl2 (Table 2), 0.5 units of
Taq DNA polymerase (Qiagen) and approximately 20 ng
DNA in a 25 ml total volume. For DYS557, DYS645 and
DYS391 a touchdown programme identical to that
described for the SSCP analysis was used (Table 2). For
DYS472, DYS569, DYS576 and DYS579, cycling consisted
of an initial denaturation for 10 min at 951C followed by
32 cycles at 941C for 45 s, annealing (see Table 2 for
temperatures) for 45 s and 721C for 45 s, followed by a
final extension of 721C for 5 min The loci that showed
male-specific amplification were analysed in the total
sample set of 97 males on an ABI377 automated
sequencer (Applied Biosystems).

We tested whether the distribution of allele frequencies
among the four Saudi-Arabian populations differed at
the Y-linked DYS576 locus using an exact test, with the
programme R�C (Miller, 1997). We also compared
allelic richness, Rs, a measure of the number of alleles
independent of sample size, at DYS576 among Abha,
Baha and Taif populations (note that the Al-Akhal
population was omitted from this analysis owing to
very small sample size, n¼ 3). Allelic richness was
estimated with FSTAT v2.9.1 (Goudet, 2000) using the
rarefaction method of El Mousadik and Petit (1996), in
which genotype data are resampled to give sample sizes
equal to the smallest population (in this case Baha,
n¼ 12).

Arabian hamadryas are thought to have African
ancestry (Kummer et al, 1981; Wildman et al, 2004;
Winney et al, 2004). If a founder event during colonisa-
tion has contributed to low Y chromosome variation in
Saudi Arabia, we also expect lower variation at auto-
somal loci in Arabian compared to African populations.
To test this hypothesis, we compared allelic richness at
six autosomal loci (five microsatellites: D14S306,
D3S1766, D4S243, D12S375, D7S817, and one allozyme
locus: TF, transferrin) and a Y-linked microsatellite
(DYS391), which have been typed in both a Saudi-
Arabian population (Abha, Hammond et al, in revision,
and the present study for DYS391) and in an African
population (Filwoha, Ethiopia) of morphologically ‘pure’

hamadryas (data from Woolley-Barker, 1999). We calcu-
lated allelic richness (Rs) using rarefaction (see above for
details) with the size of resampled data sets set to n¼ 44,
the size of the smallest sample (TF in Filwoha, Ethiopia).
We tested the difference in mean allelic richness for the
six autosomal loci between the two populations using a
Mann–Whitney U score test.

Results

Intron sequencing
Sequences from all four introns (Genbank accession
numbers: UTY11, DQ023315; DBY1, DQ023316; DBY13,
DQ023317; DBY14, DQ023318) aligned with high se-
quence identities to Y-specific regions from the human
genome database (UTY11489% identity to Homo sapiens
Y clone accession number AF265575; DBY1490%,
DBY13486%, DBY14491% identity to H. sapiens Y clone
accession number AC004474) as determined using
BLAST (http://www.ncbi.nlm.nih.gov/BLAST/). This
confirms that our sequences were from the Y chromo-
some. We found no nucleotide variation among the 16
males sequenced for a total of 3 kb. The PCR product
from DBY13 was about 300 bp larger in baboons than in
humans and chimpanzees (Table 1, Hellborg and
Ellegren, 2003) and aligning the sequence to the
RepeatMasker database (http://www.repeatmasker.org/)
revealed that the first 282 bp of the baboon DBY13
was an AluY insertion.

Intron SSCP
We also failed to detect any variation in the sample of 97
males that were analysed by SSCP for the shorter introns
DBY4, DBY8, DBY14 and ZFY4 (comprising a total of
1.1 kb in each male). Importantly, the SSCP and sequen-
cing results for DBY14, analysed using both methods,
were consistent with one another.

Microsatellite analysis
Male-specific amplification of a single band per indivi-
dual was achieved with DYS557, DYS569, DYS576, and
DYS391. For DYS472 a single band of the same size was
amplified in females as well as males, whereas DYS579
and DYS645 produced multiple bands in both sexes
(conditions given in Table 2 for these loci are the best
from a range of conditions tried). We genotyped DYS391,
DYS569, and DYS576 in our sample of 97 males but not

Table 2 Microsatellite loci

Locus Repeat type Taa MgCl2 (mM) Amplification result Size humans Size baboons

Amplification Male-specific # allelesb

DYS472 3 58 1.5 | X 106 B280
DYS557 4 55–45 1.0 | | 196 B500
DYS569 4 63 1.5 | | 1 267 261
DYS576 4 58 1.5 | | 4 191 292–304
DYS579 4 63 2.2 Nonspecific X 225 B200
DYS645 5 60–50 1.5 Nonspecific X 265 B320
DYS391 4 55–45 2.0 | | 1 268 246

aAnnealing temperature used. Where two temperatures are quoted a touchdown programme was used.
bIn 97 individuals tested.
For DYS579 and DYS645, we quote the best conditions from a range tried. See http://www.gdb.org/ for primer sequences.
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DYS557, as the amplification products for this locus were
above the size range (4500 bp) routinely genotyped for
microsatellites. Of the three genotyped loci, DYS391 and
DYS569 were monomorphic in our sample but DYS576
had four alleles (Table 2 and 3). All four alleles were
found in the southern-most population, Abha, whereas
three alleles (292, 296 and 300) were found in Baha, two
alleles (292 and 296) found in Taif and only one allele
in Al-Akhal (292, Table 3). The distribution of allele
frequencies was highly significantly different among
populations (exact test Po0.0001).

Allelic richness was higher in Filwoha than in Abha
for all loci except D12S375 (Table 4), but mean allelic
richness (3.764 and 3.062, respectively) was not signifi-
cantly different between the two populations (Mann–
Whitney U Score test, two-tailed, U¼ 31, P¼ 0.406).
Note that this difference remains nonsignificant when
the Y-linked locus DYS391 is removed.

Discussion

Nucleotide variation on the Y chromosome of Saudi-
Arabian hamadryas baboons is clearly low, with no
differences found in approximately 3.6 kb noncontiguous
intron sequence (sequencing and SSCP data combined)
from animals sampled from a wide geographic area. In
addition, out of seven human-derived microsatellite loci

tested, we found only four to be male-specific and only
one (DYS576) to be polymorphic in our sample of 97
males. The number of alleles found at DYS576 (four
alleles) was similar to the average for autosomal loci
(4.26 averaged over 16 microsatellite and three allozyme
loci, Hammond et al, in revision) in these populations.
These results have parallels in studies of humans, where
microsatellite diversity and mutation rate is similar
between the Y chromosome and autosomes (Roewer
et al, 1992; Goldstein et al, 1996; Kayser et al, 2000; Hurles
and Jobling, 2001), but nucleotide diversity on the Y is
only 20% of that of the autosomes (International SNP
Map Working Group, 2001).

Although there is a gathering consensus that Y
chromosome polymorphism is lower than in the rest of
the nuclear genome (eg International SNP Working
group, 2001; Hellborg and Ellegren, 2004), there appears
to be a large difference between species. Roughly one
segregating site per 0.5–1 kb is found on the human Y
depending on the sample set used (Shen et al, 2000;
Hammer et al, 1997, 2003), and estimates of the same
order have been found for other mammal species
(bonobos and chimpanzees, Stone et al, 2002; wolves
and field voles, Hellborg and Ellegren, 2004; shrews
Brändli et al, 2005), whereas no variation has been
detected in some species despite sampling of divergent
populations and sequencing of several thousand base
pairs of DNA (eg lynx, cattle, Hellborg and Ellegren,
2004; horses, Lindgren et al, 2004). Variation on the Y
chromosome of Saudi-Arabian hamadryas baboons is
clearly at the lower end of the mammalian spectrum.

As mentioned previously, there are several, nonmu-
tually exclusive explanations for low variation on the Y
chromosome, including low male effective population
size, demographic history and selection. Firstly, random
genetic drift is expected to reduce variation on the Y
chromosome at a faster rate than the rest of the nuclear
genome because the number of copies per breeding pair
of paternal genes is one quarter that of the autosomes. In
addition, hamadryas baboons are not only polygynous
but the adult sex ratio is known to be biased about 2:1 in
favour of females (Zinner et al, 2001), so male effective
population size is probably much lower than for females.
Consequently, Ne for the Y is likely to be low relative to
maternal or biparentally inherited genes compared to a
species with a less biased sex ratio. However, sex-biased
dispersal patterns also influence effective population size
of male and female-specific genes, with Ne being higher
for the philopatric sex because substantial variation is
maintained among groups (Chesser and Baker, 1996). In
most mammals, females are philopatric and dispersal is
male-biased (Greenwood, 1980; Dobson, 1982) so Ne of
the Y should be lowered further, but hamadryas baboons
are one of a few mammals with philopatric males and
dispersing females (Pusey, 1987; Pusey and Packer, 1987;
Stammbach, 1987; Hammond et al, 2006). Female-biased
dispersal should therefore counteract, to some unknown
degree, the low Ne of the Y caused by low copy number,
polygynous mating and a female-biased adult sex ratio
(Chesser and Baker, 1996).

Second, it has been suggested that the Arabian
populations of hamadryas baboons were founded from
north-east African ancestors fairly recently (o5–10 kya),
with introduction by humans a possibility (Kummer et al,
1981), although mtDNA divergence between Africa and

Table 3 Allele frequencies of DYS576 in Saudi Arabia

Population N Allele (bp)

292 296 300 304

Abha 69 0.04 0.13 0.74 0.09
Baha 11 0 0.91 0.09 0
Taif 12 0.75 0.25 0 0
Al-Akhal 3 1 0 0 0

N¼number of individuals with successful amplification.

Table 4 Comparison of allelic richness, Rs, in an African (Filwoha,
Ethiopia; Woolley-Barker, 1999) and Arabian population (Abha,
Saudi Arabia; Hammond et al, in revision)

Locus Population Sample size (N) Rs

D14S306 Filwoha 108 4.59
Abha 243 4.386

D3S1766 Filwoha 110 5.767
Abha 243 5.263

D4S243 Filwoha 110 5.988
Abha 243 4.786

D12S375 Filwoha 110 3
Abha 243 4

D7S817 Filwoha 100 2
Abha 130 1

DYS391 Filwoha 44 2
Abha 98 1

TF Filwoha 44 3
Abha 260 1

Mean (SD) Filwoha 3.764 (1.685)
Abha 3.062 (1.967)

D14S306, D3S1766, D4S243, D12S375 and D7S817 are autosomal
microsatellite loci, DYS391 is a Y-linked microsatellite, and TF is an
autosomal allozyme (transferrin).
SD¼ standard deviation.
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Saudi Arabia indicates an older colonisation event
(Wildman et al, 2004), perhaps via the land bridge which
formed across the Strait of Bab el Mandeb, 85–119 kya
(Winney et al, 2004). We found only slightly lower values
of allelic richness at five out of six autosomal loci and at
one Y-linked locus in an Arabian (Abha, Saudi Arabia)
compared to an African population (Filwoha, Ethiopia;
Table 4), and no difference between the two populations
in mean allelic richness. Furthermore, the slightly higher
number of alleles in Filwoha may be the result of gene
flow or dispersal from the hybrid zone between Papio
hamadryas hamadryas and P. h. anubis and, although
Filwoha is considered morphologically ‘pure’ hamadryas
a male P. h. anubis was recorded from this population (see
page 10 in: Woolley-Barker, 1999). These findings suggest
that a bottleneck during the foundation of the Arabian
range of hamadryas is unlikely to be the cause of low Y
chromosome variation in Arabian hamadryas. A survey
of African diversity at the polymorphic Y-linked DYS576
microsatellite would help to establish whether low Y
chromosome variation is a feature of the species rather
than just the Arabian populations.

Finally, if selection is acting on the Y, this will tend to
eliminate polymorphism and reduce the time to the most
recent Y chromosome ancestor. While the efficacy of
selection is reduced by the low Ne of Y chromosomes, the
absence of recombination along most of the length of the
Y means that it behaves as a single linkage group and so
selective sweeps (whereby a favourable mutation is
driven to fixation, dragging along with it linked neutral
variants, Rice, 1987), and/or background selection (in
which chromosomes containing deleterious mutations
are eliminated from the population, Charlesworth and
Charlesworth, 2000) are potentially important. Evidence
for positive selection in coding regions of the UTY gene
has recently been described in the primate lineage
(Gerrard and Filatov, 2005). Unfortunately, in the absence
of nucleotide polymorphism we are unable to test for
selection directly, and it is therefore unclear to what
extent selection is responsible for our results.

In summary, nucleotide variation on the Y chromo-
some of Saudi-Arabian hamadryas baboons appears to
be low relative to other species. High variance in male
reproductive success and female-biased adult sex ratios
are probably important in reducing Ne of paternal genes,
although this effect is slightly counterbalanced in
hamadryas by male philopatry and female-biased dis-
persal. We found no difference in allelic richness between
an Arabian and an African population and so it is
unlikely that the low level of variation on the Y
chromosome in Arabia was caused by a population
bottleneck during the colonisation of Arabia by African
hamadryas baboons. Whether low nucleotide diversity is
a feature of the hamadryas nuclear genome, needs to be
addressed by comparison with sequence data from the
autosomes and/or X chromosome. Finally, this study
indicates that extensive efforts may be required to find
sufficient Y chromosome variation in wild populations,
particularly in those species with high variance in male
reproductive success and a history of small population
size. Our finding of variation at a microsatellite but no
nucleotide variation in introns suggests that it would be
wise for researchers to focus on finding Y-linked
microsatellite variation rather than SNPs for population
genetic studies.
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