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Abstract

The major histocompatibility complex (MHC) harbours some of the most polymorphic loci in
vertebrate genomes. MHC genes are thought to be subject to some form of balancing selection,
most likely pathogen-mediated selection. Hence, MHC genes are excellent candidates for
exploring adaptive processes. In this study, we investigated the genetic variation at exon 2 of
the DRB class II MHC locus in 191 alpine chamois (Rupicapra rupicapra) from 10 populations
in the eastern Alps of Italy. In particular, we were interested in distinguishing and estimating
the relative impact of selective and demographic factors, while taking into account the
confounding effect of recombination. The extremely high dn/ds ratio and the presence of
trans-species polymorphisms suggest that a strong long-term balancing selection effect has
been operating at this locus throughout the evolutionary history of this species. We analysed
patterns of genetic variation within and between populations, and the mitochondrial D-
loop polymorphism patterns were analysed to provide a baseline indicator of the effects of
demographic processes. These analyses showed that (i) the chamois experienced a demo-
graphic decline in the last 5000–30 000 years, most likely related to the postglacial elevation
in temperature; (ii) this demographic process can explain the results of neutrality tests applied
to MHC variation within populations, but cannot justify the much weaker divergence
between populations implied by MHC as opposed to mitochondrial DNA; (iii) similar sets of
divergent alleles are probably maintained with similar frequencies by balancing selection
in different populations, and this mechanism is also operating in small isolated populations,
which are strongly affected by drift.
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Introduction

The analysis of patterns and levels of genetic variation at
neutral markers, such as autosomal microsatellites and mito-
chondrial DNA regions, has been widely used in the last
decades to infer historical events (e.g. past demographic
expansions or contractions) and geographical features (e.g.

fragmentation) in natural populations (Hartl & Clark 2006).
However, the study of molecular polymorphisms at loci
under selection is the only direct way to understand the
genetics of adaptive processes (Hedrick 2001). This is a fund-
amental issue in evolutionary studies. Recent and rapid
environmental changes due to human activities further
underline the importance of studying genetic adaptation
in conservation biology (Gutierrez-Espeleta et al. 2000; van
der Walt et al. 2001; Aguilar et al. 2004).
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A classical example of a genetic region where adaptive
variation has been analysed is the major histocompatibility
complex (MHC) (Potts & Wakeland 1990; Hedrick 1994). The
MHC is a multigene family encoding receptors involved in
the immune response of vertebrates (Trowsdale 1993). MHC
molecules bind fragments of foreign proteins displaying
them on the cell surface. This complex can be recognized by
T-cells, initiating a cascade of immune response (Ploegh &
Watts 1998). MHC includes two major subfamilies, including
the class I and class II genes. Class I genes are expressed on
the surface of almost all nucleated somatic cells (Piertney &
Oliver 2006) and recognize endogenously derived peptides.
Hence, they are primarily devoted to responding to intrac-
ellular pathogens such as viruses (Klein 1986). Class II genes
are expressed only on antigen-presenting cells and are res-
ponsible of monitoring the extracellular environment, thus
providing protection from parasites and bacteria (Klein
1986).

The MHC is probably the most polymorphic region in
the nuclear genome of vertebrates (Robinson et al. 2003),
displaying an unusually large number of alleles and high
nucleotide diversity compared to other loci (Parham & Ohta
1996). The abundant polymorphism observed at the MHC
is generally attributed to some form of balancing selection.
This is confirmed by empirical evidence on variation mostly
concentrated in codons involved in the recognition of
foreign peptides (the peptide-binding region, hereafter
named PBR) for both class I and II genes (Hughes & Yeager
1998). It is usually assumed that selection operating on
the MHC is pathogen-mediated (Doherty & Zinkernagel
1975; Apanius et al. 1997; Hedrick & Kim 2000). Another
mechanism proposed to explain the high levels of poly-
morphism at the MHC is sexual selection (Jordan & Bruford
1998; Penn & Potts 1999). A number of studies have shown
that MHC can influence mate choice in natural popula-
tions (Bonneaud et al. 2006; Schwensow et al. 2007a; see
Bernatchez & Landry 2003 for a review). Pathogen-mediated
and sexual selection mechanisms are not necessarily mutu-
ally exclusive. They can be reconciled under the hypothesis
that mating preferences for MHC genotypes evolved to
guarantee parasite resistance to offspring (Piertney &
Oliver 2006).

Overdominance and frequency-dependent selection are
two of the main pathogen-mediated balancing selection pro-
cesses that have been suggested to explain genetic diversity
patterns observed at most MHC loci (see reviews of Meyer
& Thomson 2001; Bernatchez & Landry 2003; Garrigan &
Hedrick 2003; Sommer 2005; Piertney & Oliver 2006). The
overdominance hypothesis implies that heterozygous indi-
viduals have increased fitness with respect to homozygotes.
This advantage can be symmetric, where all heterozygotes
have equal fitness (Doherty & Zinkernagel 1975), or asym-
metric, with a more pronounced advantage for heterozygotes
of divergent alleles (Wakeland et al. 1990). On the other hand,

the frequency-dependent selection hypothesis proposes
an advantage for rare alleles, which may occur when the
majority of pathogens are adapted to escaping common
MHC proteins (Takahata & Nei 1990). This selective mech-
anism would eventually produce a dynamic system of host–
parasite co-evolution, where the fitness of each allele varies
cyclically through time.

In principle, several tests and analyses can be used to
detect selection operating at the MHC, and, if this is the case,
to determine the extent, the temporal scale and the most likely
selective mechanism involved (Garrigan & Hedrick 2003;
Sommer 2005; Piertney & Oliver 2006). Genetic variation
within and between species is commonly used for this pur-
pose. However, at least three factors should be considered,
which may interact with selection to confound the results:
(i) intragenic recombination, which variously modifies meas-
ures of genetic variation used to test the null hypothesis
of neutral evolution and affects the interpretation of gene
genealogy (Wall 1999; Schierup et al. 2001; Richman et al.
2003a); (ii) demographic history, which leads to population
size variations that can produce deviations from the neutral
expectation similar to that observed under selection
(Kreitman 2000; Otto 2000; Nielsen 2005); (iii) population
structure, since the pathogen community at a specific time
may vary among populations and, consequently, the most
advantageous MHC alleles may also vary among host
populations (Nevo & Beiles 1992; Muirhead 2001; Hedrick
2002). In this study, we analysed genetic variability at exon
2 of the MHC class II DRB locus in the Alpine chamois
(Rupicapra rupicapra rupicapra), paying particular attention
to these three factors. The pattern of MHC variation was
analysed using classical methods. We also (i) estimated the
impact of recombination on MHC variation and modified
accordingly the significance levels of some of the statistical
tests used to detect selection; (ii) considered the genetic
variation observed at the mitochondrial DNA (mtDNA)
control region, used here as a neutral control to distinguish
between demographic and selective processes; and, finally,
(iii) analysed the population structure at this gene on the
basis of 10 populations located in the eastern Italian Alps.

Materials and methods

Sample collection

Chamois (genus Rupicapra, subfamily Caprinae) are mountain
ungulates inhabiting medium- to high-altitude mountain
ranges of several regions in southern Europe, including the
Carpathians and the Middle East. Tissue samples (skeletal
muscle and skin) were collected between 1997 and 2005 from
191 Alpine chamois (Rupicapra rupicapra rupicapra) from 10
populations inhabiting the the eastern Alps in the provinces
of Trento, Bolzano and Belluno of Italy (see Fig. 1 and
Table 1).
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Laboratory analyses

Genomic DNA was extracted from frozen (–80 °C) or alcohol-
preserved (95% ethanol) tissues using the DNEasy Tissue Kit
(QIAGEN). Polymerase chain reaction (PCR) amplification
of the MHC class II DRB gene (231-bp fragment of exon 2)
was performed using the two cattle primers HL030, HL031
and a nested primer HL032 as described in Schaschl et al.
(2004). Each amplicon was purified using ExoSAP-IT (Amer-
sham Biosciences) and sequenced in both directions with
BigDye Terminator Kit version 1.1 (Applied Biosystems).
Sequencing products were cleaned by centrifugation through
Sephadex G-50 (Sigma-Aldrich) and run on an ABI PRISM
3100 sequencer (Applied Biosystems).

The complete mtDNA control region was amplified by
PCR using the primer MF (Mannen et al. 2001) and Hphe
(Douzery & Randi 1997). Two microlitres (approximately
100 ng) of DNA was used as template for amplification in
a 20-μL reaction mix containing: Taq buffer 1× (Polymed),
3 mm MgCl2, 100 μm dNTPs, 25 μm of each primer, and 1 U

of Taq. The thermocycling regime consisted of incubation at
94 °C for 2 min, followed by 35 cycles of 94 °C for 15 s,
60 °C for 1 min and 72 °C for 1 min, with a final extension of

Fig. 1 Map of the Eastern Alps of Italy showing the location of the 10 alpine chamois populations analysed. Population codes are as in
Table 1. Black lines indicate the borders between countries or Italian regions.

Table 1 Sample sizes for DNA regions. Asterisks indicate the
samples typed for the entire mtDNA control region; the other
samples were typed only at the first 360 bp

Population
Population 
Code MHC mtDNA

Val Marzon (Dolomiti di Sesto) DSV 26 20
Auronzo (Dolomiti di Sesto) DSA 26 11
Monte Cristallo CRI 9 4
Marmarole MA 30 14
Migon MI 16 15
Parco Dolomiti Bellunesi PDB 10 2
Breguzzo BRE 18 28*
Paganella PAG 20 30*
Val di Fiemme e Fassa VFF 19 49*
Alta Val di Non AVN 17 19*



4056 S .  M O N A  E T A L .

© 2008 The Authors
Journal compilation © 2008 Blackwell Publishing Ltd

72 °C for 5 min. Each amplicon was purified using ExoSAP-
IT (Amersham Biosciences) and the sequence of approxi-
mately the first 360 bp of the control region was determined
using the primer MF and H493 (Douzery & Randi 1997).
Four out of 10 chamois populations considered here were
also typed for the entire control region, using the additional
primer L362 (Douzery & Randi 1997). The sequencing pro-
gramme consisted of 25 cycles at 96 °C for 10 s, 60 °C for 5 s,
and 60 °C for 1.5 min. Sequencing products were cleaned by
centrifugation through Sephadex G-50 (Sigma-Aldrich) and
run on an ABI PRISM 3100 sequencer (Applied Biosystems).
The resulting sequences were edited with Chromas version
1.45 (www.technelysium.com.au/chromas.html), aligned
using Clustal_X (Thompson et al. 1997) and checked by
eye. In Table 1, we reported the sample sizes for each
population and each marker, including the length of the
DNA fragments. All DRB exon 2 alleles and the new mtDNA
sequences were deposited in GenBank under the accession
nos EU887297–EU887509.

Statistical analyses

MHC haplotype reconstruction.  The haplotypes of each indivi-
dual were inferred using the Bayesian approach implemented
in Phase 2.1 (Stephens et al. 2001; Stephens & Donnelly 2003).
Intragenic recombination has been found in MHC class II
genes of various species (Gyllensten et al. 1991; Richman et al.
2003b; Schwensow et al. 2007b), including the chamois
(Schaschl et al. 2005). For this reason, haplotypes were recon-
structed under the approximate coalescent model with
variable recombination rate described in Li & Stephens (2003).
The posterior probabilities of each haplotype were appro-
ximated through 1 000 000 Markov chain Monte Carlo
(MCMC) iteration with a 10% burn-in period. The analysis
was run twice and the results were compared both by
visually examining the traces of the continuous parameters
and the marginal likelihood and by looking at the posterior
probability of the inferred haplotypes for each individual.
The reconstruction of the alleles in nuclear multiple heter-
ozygous individuals using statistical algorithms is now a
common procedure for many genes, and it has also been
applied in several MHC/human leukocyte antigen (HLA)
studies (Hosomichi et al. 2006; Meyer et al. 2006; Hess et al.
2007; Sanchez-Mazas 2007). Among these methods, the high
performance of Phase has been demonstrated both using real
(including MHC sequences) and simulated data (Stephens
& Donnelly 2003; Marchini et al. 2006; Bos et al. 2007).

Recombination rate estimation.  The population recombination
parameter (ρ = 4Ner) was estimated using the composite-
likelihood approach of Hudson (2001) extended by McVean
et al. (2002) to account for recurrent mutations, as imple-
mented in the software ldhat (McVean et al. 2002). We first
computed an approximate finite sites version of the popula-

tion mutation rate parameter (θ = 4Neμ) and then used ldhat
to estimate the likelihood of the observed configuration of
each pair of segregating sites given θ for values of ρ ranging
from 0 ≤ ρ ≤ 50. The recombination rate was then obtained by
maximizing the likelihoods from all pairwise comparisons.
The presence of recombination was also tested using the
permutation approach implemented in ldhat (McVean et al.
2002).

Nonsynonymous vs. synonymous substitutions.  The ratio of
nonsynonymous (dn) to synonymous (ds) rates of substitution
was computed using the modified Nei & Gojobori distance
(1986) applying the Jukes–Cantor correction for multiple
hits with the software mega 3.1 (Kumar et al. 2004). The
transition/transversion parameter in the modified Nei and
Gojobori distance (Nei & Kumar 2000) was determined in
analyzing the exon 2 allelic genealogy with the HKY + Γ
model. The dn and ds rates were computed in the total sample
weighting them by the frequencies of each allele pair
(Hedrick et al. 2000); the significance of their difference was
computed using the Z-test of selection (with the variance
estimated after 1000 bootstrap replicates) under the null
hypothesis of dn = ds.

Trans-species polymorphisms.  The possible occurrence of trans-
species polymorphisms (Klein 1980) was analysed consi-
dering the DRB exon 2 sequence of various species belonging
to the Caprinae subfamily, and adding a Bos taurus sequence
as outgroup. The complete list of the species and the alleles
is available in Table S1, Supporting Information. The
phylogenetic tree was reconstructed using MrBayes 3.1.2
(Ronquist & Huelsenbeck 2003), with the model of nucletotide
substitution selected by MrModelTest (Nylander 2004)
according to the Akaike information criterion (AIC). The
analysis was the result of two runs of four incrementally
heated chains with default temperature and 20 000 000
generations long, with a 30% burn-in. Convergence was
checked by examining the generation plot visualized with
Tracer (Rambaut & Drummond 2004) and computing the
potential scale reduction factor (Gelman & Rubin 1992). This
statistic is based on the assumption that, at convergence,
the within-chain variation should be indistinguishable from
the between-chain variation, while before convergence the
latter should be greater than the former.

Neutrality tests.  Departures from neutrality were evaluated
using three statistical tests, as implemented in Arlequin 3.11
(Excoffier et al. 2005): Tajima’s D (Tajima 1989), Fu’s Fs (1997),
and the Ewens–Watterson–Slatkin exact test (Watterson 1978;
Slatkin 1994; Slatkin 1996). The first two tests are based on
the site frequency spectrum, and are therefore influenced
by long-term mutational patterns, as well as on more recent
population dynamics (Garrigan & Hedrick 2003). In contrast,
the third test is based on allele frequencies only and does not

www.technelysium.com.au/chromas.html
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consider the molecular difference between alleles. Therefore,
it is most sensitive to recent population dynamics which
produce a departure from the probability distribution of
the sample configuration expected under neutrality. The
statistical significance for Tajima’s D and Fu’s Fs was deter-
mined by generating their null distribution under a coales-
cent neutral model with recombination with the software
mlcoalsim (Ramos-Onsins & Mithell-Olds 2007). We
performed 2000 coalescent replicates for each population
using the estimated population mutation rate parameter
and the maximum likelihood estimate of the popula-
tion recombination parameter (see above). The Ewens–
Watterson–Slatkin exact test is insensitive to recombination
(Zeng et al. 2007), and the P values were therefore computed
using 2000 replicates without taking recombination into
account.

Demographic inferences using the mtDNA.  The demography
of the chamois populations was initially investigated using
the Bayesian skyline plot (Drummond et al. 2005) in the four
populations for which the complete mtDNA control region
was available. The skyline plot is a nonparametric estimate
of the changes in population size that makes no a priori
assumptions on the demographic model. In other words, this
analysis reconstructs the variation of the effective population
size through time, without the need to specify a priori, for
example, if the population increased (or decreased) exponen-
tially or followed a sudden expansion (or contraction) model
(Pybus et al. 2000). In practice, it is necessary to define a
number of groups of internodes sharing the same effective
population size, but the sizes of each of these groups as well
as the gene genealogy (and all other relevant mutational
parameters) are sampled in a Monte Carlo Markov chain
framework (Drummond et al. 2005). We ran each analysis
twice using the software beast (Drummond & Rambaut
2007), for 10 000 000 generations each time, with a 10% burn-
in, dividing the internodes into three groups. The skyline
reconstruction was performed with Tracer (Rambaut &
Drummond 2004), in order to visualize the effective popu-
lation size as a function of time. To express time in years,
we first determined the mutation rate for the mitochondrial
control region before running the skyline analysis. Mutation
rate estimates can be obtained calibrating the molecular
clock over known divergence times between two or more
taxa, but all sources of uncertainties related to the calibration
point and the phylogenetic reconstruction should be consi-
dered in this analysis (Nei & Kumar 2000). The software
beast was initially used to estimate the posterior distribution
of the mutation rate, defining a normal prior distribution
for the divergence age between R. rupicapra and Rupicapra
pyrenaica with mean and standard deviation equal to 1.6
and 0.3 million years, respectively. These values were recently
estimated by Lalueza-Fox et al. (2005) using cytochrome b
sequences. The Yule pure birth process was used as a prior

for the topology and branch lengths (Rannala & Yang 1996).
The analysis was run twice, for 20 000 000 generations each,
with a 10% burn-in, assuming the nucleotide substitution
selected by MrModeltest under the AIC criterion. The
posterior distribution of the mutation rate obtained in that
way was subsequently used as a prior in the Bayesian
skyline reconstruction.

beast was also used to estimate the posterior distribution
of the growth rate, assuming a model of continuous and
exponential variation of the population size through the
entire history of the sampled sequences.

Population divergence and simulations. The level of divergence
between populations at both markers (MHC and mtDNA)
was estimated using the analysis of molecular variance
(Excoffier et al. 1992), as implemented in Arlequin 3.11
(Excoffier et al. 2005). FST values (also called ΦST) were
computed using the number of differences as a molecular
distance between alleles (different metrics did not modify
the results). Standard errors were based on 1000 bootstrap
replicates.

A direct comparison between the FST values at mitochon-
drial and nuclear markers is not possible, since the effective
population size at the former is four times smaller than the
effective size at the latter. In order to understand whether
any difference between the population divergence at the
two markers can be attributed to the different effective
sizes only, or if some additional process (i.e. selection) should
be assumed at the MHC, we performed a small simulation
experiment. We assumed a nonequilibrium model with eight
populations. In the simulation, the populations diverged
from a common ancestral group 3500 generations ago
(compatible with the splitting of our chamois population
approximately 20 000 years ago and a generation time of
6.2 years (Pérez et al. 2002)), decreased in size and exchanged
only few migrants since then. The model was simulated
using the software SimCoal2 (Laval & Excoffier 2004), with
the following parameters: effective size of the ancestral
group: 300; migration rate after the split: 0.0004; present-
day effective size for each populations: 100; length of the
simulated sequence: 360 bp; mutation rate: 0.00002 (per
generation per locus). The parameter values were defined
with the goal of obtaining a final group of populations having
a level of genetic variation and divergence similar to what
was observed at the mtDNA in the chamois. The simulations
were not performed to systematically explore all the possible
scenarios. We repeated the simulations to estimate the
distribution of the FST values expected under this model for
a nuclear marker with sequence characteristics similar to our
MHC sequences. We used the same demographic parameters,
with population size four times that of mtDNA, a mutation
rate of 1.3 × 10–6 per locus per generation (compatible with
that estimated for MHC loci; Satta et al. 1991), and a sequence
of 231 bp. Finally, we reconstructed the empirical frequency
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distribution of the ratio between the FST values from the
two sets of simulations.

Results

MHC DRB exon 2 variability in the alpine chamois and 
intragenic recombination

The sequence of 231 bp (77 codons) at the DRB exon 2 locus
was obtained for all the 191 individuals. All the individuals
with heterozygous sites producing different alleles were
typed independently in two different laboratories (from
the DNA extraction to the sequence), obtaining consistent
results. No evidence of multiple locus amplification was
found in the electropherograms, confirming previous reports
within the genus Rupicapra (Schaschl et al. 2005; Alvarez-
Busto et al. 2007). A total of 28 alleles (defined by 22 segre-
gating sites) were identified (see Fig. S1), seven of which are
identical to alleles previously described by Schaschl et al.
(2005) in the Austrian population and representing 85.6% of
our sample. The mean pairwise difference between alleles
was 8.50 and 6.80 for nucleotide and amino acid sites,
respectively.

The new haplotypes were coded from Ruru-DRB20 to
Ruru-DRB40 in agreement with the nomenclature proposed
by Klein et al. (1990), starting from the last haplotype
identified in Schaschl et al. (2005). The allele frequencies
observed in each population are available in Table S2,
Supporting Information. We found 53 homozygotes among
191 individuals. Significant deviation from Hardy–Wein-
berg expectation was observed only in one population (AVN,
where the observed heterozygosity was lower than expected).
The large number of homozygotes and the absence of Hardy–
Weinberg deviations (with a single significant deficit of
heterozygotes) provide additional evidence that only one

locus was amplified. Following the model proposed by
Brown et al. (1993) for the DRB exon 2 protein structure in
humans, we attributed 21 of the 77 codons to the PBR. Almost
82% of the polymorphic sites (18/22) fell in the PBR.

In all the samples separately analysed, with the exception
of the small group of individuals from the Dolomiti Bellunesi
National Park (PDB, n = 10), recombination was significantly
different from zero (P < 0.001) (Table 2). The ρ/θ ratio was
always close to 1 (Table 2), showing that the two forces
(recombination and mutation) had similar weights in
driving the evolution of this locus in the chamois.

Nonsynonymous vs. synonymous substitutions

The sequences we analysed showed no synonymous sub-
stitutions. The ratio dn/ds was not infinity since ds could be
estimated from the codons displaying more than one
variable site, but it was nonetheless very large at 54.8 for
the entire sequence and 42.4 for the PBR region. These values
are larger than any other ratio previously reported for
ungulates (see Bernatchez & Landry 2003, and references
therein; Table 2 in Amills et al. 2004; Schaschl et al. 2004;
Alvarez-Busto et al. 2007). The rate of nonsynonymous
substitutions, dn, was much higher in the PBR region
compared to the whole sequence (dn = 0.122 ± 0.035 vs.
dn = 0.040 ± 0.011). Conversely, dn/ds was lower in the PBR
region than in the complete sequence. This result seems
counterintuitive, but it can be easily explained by the fact
that all the codons with more than one variable site were in
the PBR region, hence determining a higher ds than that
estimated in the whole sequence. In principle, the absence
of synonymous substitutions invalidates the assumption of
the Z-test used to test the difference between dn and ds rates
(Nei & Kumar 2000), and the P values we found (P = 0.00040
and P = 0.00044 for the entire region and PBR only, respec-
tively) might be therefore biased. At the same time, however,
the absence of synonymous substitutions argues convincingly
for a strong positive selection process acting on this locus.

Trans-species polymorphisms

The Bayesian analysis of interspecific phylogeny was per-
formed assuming the GTR + Γ + I model of nucleotide
substitution. This was the most appropriate model selected
by MrModeltest. The resulting tree is presented using the
50% majority consensus rule (Fig. 2). The tree is not fully
resolved, but trans-species polymorphisms can be clearly
detected in the Caprinae subfamily. Considering that the
Caprinae radiation occurred in the late Miocece (Lalueza-
Fox et al. 2005), this result implies that similar alleles have
been maintained for at least 5 million years ago.

Lineages corresponding to the two Rupicapra species (R.
rupicapra and R. pyrenaica) are not only intermixed in the
MHC phylogeny and in its highly supported subclades,

Table 2 Asterisks indicate the samples showing a statistically
significant value of ρ (P < 0.001), as determined by the
permutation approach implemented in ldhat

n θ ρ ρ/θ

DSV 26 4.87 8.84* 1.81
DSA 26 4.63 12.50* 2.70
CRI 9 5.76 5.68* 0.99
MA 30 4.72 6.32* 1.34
MI 16 5.47 6.32* 1.16
PDB 10 4.37 0.00 0.00
BRE 18 4.26 4.42* 1.04
PAG 20 4.41 6.95* 1.58
VFF 19 4.98 5.68* 1.14
AVN 17 5.65 9.47* 1.68

n, sample size; θ, finite sites population mutation parameter; ρ, 
maximum likelihood estimate of population recombination 
parameter.
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Fig. 2 Fifty per cent majority consensus tree of MHC haplotypes generated using MrBayes under a GTR + Γ + I nucleotide substitution
model. Tree was rooted using a Bos taurus sequence as outgroup (BolaDRB3_0101). Ruru and Rupy correspond to haplotypes observed in
the Alpine (Rupicapra rupicapra) and the Pyrenean chamois (Rupicapra pyrenaica), respectively. A complete list of the sequences analysed with
their ID numbers is available in Table S1. Posterior probabilities higher than 0.50 are shown.
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but some alleles are also shared among species. In other
words, these alleles persisted over a time period of about 1.6
million years, which corresponds to the estimated diver-
gence time between the Alpine and the Pyrenean chamois
(Lalueza-Fox et al. 2005).

Neutrality tests

All but one population (AVN for Tajima’s D) showed
positive values for both Tajima’s D and Fu’s Fs neutrality
tests (Table 3). Positive values are consistent with internal
population structure, balancing selection or a demographic
bottleneck (Tajima 1989; Charlesworth et al. 1993; Kreitman
2000), but intragenic recombination modifies the frequency
distribution of these statistics under neutrality (Wall 1999;
Ramos-Onsins & Rozas 2002). The statistical significance of
the observed D’s and Fs’s was thus computed generating
the null distribution of both D and Fs under a neutral coales-
cent model with recombination, assuming the recombination

rate previously estimated. When recombination was con-
sidered, the total number of significant tests increased from
6 to 14 out of 20 (Table 3); Tajma’s D was significant with
0.01 < P < 0.05 and P < 0.01 in two and three populations,
respectively, and Fu’s F was significant with 0.01 < P < 0.05
and P < 0.01 in three and six populations, respectively (Table
3). On the contrary, only one out of 10 populations displayed
a significant departure from the neutral expectation when
the Ewens–Watterson–Slatkin test was applied.

Demographic inferences using the mtDNA

When the demographic history of the chamois was analysed
in four populations using the whole mtDNA control region,
a simple model of constant population size appeared unlikely.
The Bayesian skyline plots for AVN and VFF support a
demographic decline which accelerated in the last 20 000 to
30 000 years (Fig. 3). A different pattern was obtained for
BRE and PAG, with a lower and constant effective size, and

Table 3 Tajima’s D, Fu’s Fs, Ewens–
Watterson–Slatkin (E–W–S) exact tests and
Hardy–Weinberg equilibrium test com-
puted for the 10 chamois populations at
the MHC locus. Statistical significance was
determined both under a neutral coalescent
model with no recombination (no rec)
and under a neutral coalescent model with
recombination (rec) as explained in the
text 

D
D P val 
(no rec)

D P 
val (rec) Fs

Fs P val 
(no rec)

Fs P 
val (rec)

E–W–S 
P val

H–W 
P val

DSV –0.107 NS NS 2.183 NS ** NS NS
DSA 0.018 NS NS 2.138 NS ** NS NS
CRI 0.789 NS NS 3.515 * ** NS NS
MA 1.756 * ** 5.688 NS ** NS NS
MI 1.346 NS NS 3.079 NS * NS NS
PDB 0.035 NS NS 4.761 * * NS NS
BRE 2.766 ** ** 2.871 NS * NS NS
PAG 2.575 ** ** 3.348 NS ** NS NS
VFF 1.292 NS * 4.295 NS ** NS NS
AVN 1.490 * * 0.561 NS NS * *

*indicates P values -0.05; **indicates P values ≤ 0.01; NS, P > 0.05.

Fig. 3 Bayesian skyline plots in the four
populations where the complete mtDNA
control region was available (only the
median of the effective size for the four
populations is shown). The temperature
variation (×103) estimated from the Vostok
ice core in Antarctica are also reported on
the bottom line. The time is in years ago.
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possibly a more recent decline in the last few thousand years
ago (Fig. 3). Several factors may be responsible for the
difference observed among these geographically related

groups, including the confounding effects produced by recent
human activities such as hunting and management. It is
worth noting, however, that the inferred demographic
decline, considering the likely errors associated with the
mutation rate estimation, is compatible with the postglacial
elevation of temperatures supported, for example, by the
Vostok ice core in Antarctica (Petit et al. 1999; see Fig. 3).
The results obtained using the Bayesian skyline plots were
confirmed when the exponential growth rate was estimated
assuming a demographic model of continuous change in
population. In fact, the posterior probability distribution of
this rate was shifted towards negative values for all the
samples, and in one population the 95% support interval
did not include zero (Table 4).

Population divergence and simulations

The average population divergence at MHC was low, with
FST(MHC) = 0.052 (P < 0.001) and the more common alleles
shared among populations (Fig. 4). When we repeated the

Fig. 4 Median-joining network (Bandelt et al. 1999) of the 28 MHC alleles found in the 10 populations considered. Branch lengths are proportional
to number of mutations; node diameter is proportional to allele frequency (see also Table S2); median vectors not shown. Colours: black
(AVN), light blue (BRE), green (CRI), red (DSA), pink (DSV), yellow (MA), violet (MI), light green (PAG), white (PDB), blue (VFF).

Table 4 Mean and 95% HPD of the posterior distribution of the
growth rate per year (scaled by the mutation rate per site per year)
estimated in the four populations for which the complete
mitochondrial control region was available. Coalescent model:
exponential growth; mutation model: Hasegawa–Kishino–Yano.
Posterior distribution was approximated using 10 000 000 MCMC
with a 10% burn-in 

n Mean
95% lower 
HPD

95% upper 
HPD

BRE 28 –452.1 –998.3 –12.1
PAG 30 –393.2 –892.8 45.3
VFF 49 –67.3 –402.4 289.4
AVN 19 –174.1 –570.7 192.5

n denotes the sample size of the populations considered.
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same analysis using the mtDNA sequences (excluding CRI
and PDB for the small sample sizes; Table 1), very different
results were obtained. The population divergence at this
marker was about 10.7 times larger than that observed at
the MHC region [FST(mtDNA) = 0.566, P < 0.001].

Very similar differentiation levels (results not reported)
were obtained using the classical Wright’s FST, which does
not consider the molecular divergence among alleles. This
index is closely related to the relative increase in gene diver-
sity which is observed when all populations are analysed
together, with respect to the average value observed within
populations. For the mtDNA sequences, this increase in gene
diversity was substantial (0.69 within populations on the
average, and 0.92 overall), but virtually zero for the MHC
locus (0.74 vs. 0.75). The same pattern of population/locus
genetic structure was found analysing allele sharing, a
different measure of divergence. Population-specific alleles
represented only 3% of the total number of alleles at MHC,
but 23% for mtDNA.

In the simulation experiment specific for the mtDNA
fragment, the average FST, gene diversity and number of
alleles in 1000 simulated genealogies were equal to 0.59,
0.56 and 4.63, respectively, very similar to what was observed
in the real data. The same demographic scenario was then
simulated for the MHC locus, and the empirical frequency
distribution of the ratio between the FST values from the
two set of simulations was finally reconstructed. The median
(2.24) and the mean (2.49) of these distributions were greater
than 1, as expected given the different effective population
sizes at the two markers, but much smaller than the 10.7
times ratio observed in the real data. The 95% of the FST ratio
distribution lies between 1.12 and 5.31, which excludes the
observed value of this ratio with P < 0.05. Additional simu-
lations with different parameter values, such as 10 times larger
populations sizes or migration rates, produced concordant
results. In fact, the population divergence at MHC can be
driven in the simulations to values similar to those reported
in the real populations, but the difference between the mark-
ers resulted always much smaller than in the real data.

Discussion

Understanding the relative role of selection, demography
and migration in shaping patterns and levels of genetic
variation in natural populations is not an easy task. In fact,
the null hypothesis tested in many statistical techniques is
violated not only by natural selection but also by demo-
graphic instability and population structure (Andolfatto
2001; Przeworski 2002; Nielsen 2005). In addition, intragenic
recombination further complicates inference, because the
neutral expectations used as null hypotheses are usually
developed without taking recombination into account
(Ewens 1972; Tajima 1989; Schierup & Hein 2000). In this
study, we used both classical methods and specific analyses

to understand the processes which affected genetic variation
at one gene of the MHC system in the Alpine chamois,
focusing on the relative roles played by selection, recom-
bination, demography, and population structure.

The role of recombination

Previous work on the DRB exon 2 in the chamois claimed
that recombination outweighs mutation by an order of
magnitude in generating new allelic diversity at this locus
(Schaschl et al. 2005; Schaschl et al. 2006). Our results suggest
that recombination plays an important role at this gene,
and should be considered in interpreting results, but the
relative weights of mutation and recombination should be
revised. In virtually all populations we analysed, the ratio
ρ/θ was close to 1, indicating that mutation and recombi-
nation have similar effects. The discrepancy between our
results and those of Schaschl et al. (2006) cannot be attributed
to the estimator, because both studies applied the method
implemented in ldhat (McVean et al. 2002). However,
Schaschl et al. (2006), computed ρ on the basis of different
sequences (haplotypes) only and not using all observed
sequences as required by a coalescent-based method. In
other words, we conclude that recombination is important,
but not more so than mutation is, in generating new com-
binations of PBR motifs. In addition, our study suggests that
past recombination events which affected the present-day
lineages seems evenly distributed along the sequence. In
fact, the marginal maximum likelihood estimate of ρ for each
pair of sites and the composite likelihood are very similar
in all comparisons (the difference being always smaller than
the conventional threshold of 2). This result is compatible
with those obtained in other species (Richman et al. 2001).
It also seems reasonable considering that PBR codons are
scattered throughout exon 2 and diffused recombination (as
estimated from the observed lineages which are probably
old enough to have passed the scrutiny of natural selection)
would create new PBR variants more efficiently.

Long-term balancing selection at MHC

As observed for many other species (Bernatchez & Landry
2003; Sommer 2005; Piertney & Oliver 2006), the molecular
evolution of chamois MHC variation was clearly affected
by balancing selection, that is, positive selection with long
retention of selected alleles. Various sources of evidence
converge on this hypothesis. In this section, we discuss the
results of the most classical analysis based on long-term
evolutionary patterns (dn/ds ratio and trans-species poly-
morphisms). The results related to the within- and between-
population genetic variation indices will be discussed in
the last section.

Each substitution in this region produced a different pro-
tein sequence in our sample (28 different proteins among
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191 individuals), with an extremely high estimated dn/ds
ratio. With the exception of a study on sockeye salmon by
Miller et al. (2001), we are not aware of similar results in
other species. It is not clear what selective and/or population
mechanism can maintain different protein lineages and
simultaneously eliminate DNA sequences with synonymous
substitution for a long period of time. Richman et al. (2003a)
hypothesize a combination of recombination, balancing
selection and repeated bottlenecks, but we believe that the
details of their model requires further clarification, possibly
using a systematic simulation approach.

Polymorphisms that predate species divergence due to
long retention of lineages, known as trans-species polymor-
phism, are considered as a clear evidence of balancing
selection (Takahata 1990; Takahata & Nei 1990). We reported
this pattern in the MHC sequences of the Caprinae family,
and in particular within the genus Rupicapra. The Alpine and
the Pyrenean chamois (Rupicapra rupicapra and Rupicapra
pyrenaica, respectively) still share some MHC alleles, despite
the fact that divergence of the species is estimated at about
1.6 million years (Lalueza-Fox et al. 2005), and despite the
presence at the mtDNA cyt b sequences of strict monophyly
with an average divergence between species about 2.5 times
larger than the average divergence within species (B. Cre-
stanello, personal observation). Clearly, some form of
balancing selection is responsible for this pattern along the
evolutionary history of the species. However, our data are
compatible with overdominance, frequency-dependent selec-
tion, or a combination of the two (Takahata & Nei 1990;
Piertney & Oliver 2006). The absence of significant deviation
from the Hardy–Weinberg expectation in all populations we
analysed can only exclude a strong overdominance effect.

The interplay between selection, demography and 
population structure

The long-term effects of balancing selection throughout the
phylogenetic history of the chamois species are now clear.
However, understanding if and to what extent diversity
within and between populations preserves the signature of
natural selection, or are rather affected mainly by demo-
graphic processes, requires additional analyses.

The results of the neutrality tests are interesting, but only
partially informative. The Ewens–Watterson–Slatkin test
seems to exclude that selection is currently playing an impor-
tant role in changing allele frequencies within the populations
we analysed. The sample configuration within each of the
groups is as even (or uneven) as expected by the neutrality
assumption, suggesting that positive selection at single alleles
or genotypes has not affected population dynamics in the
short term. On the other hand, (i) the sign and the values
produced by Tajima’s D and Fu’s F-tests clearly suggest
that neutrality should be excluded at least within the
evolutionary time frame relevant for the accumulation of

mutations, and (ii) the analysis of the geographical structure
shows that the pattern of genetic variation between popula-
tions is compatible with the active maintenance by selection
of the same set of MHC alleles in otherwise differentiated
groups. We will consider these two points in turn.

First of all, taking recombination into account when com-
puting the null distribution of Tajima’s D and Fu’s Fs can
significantly affect the outcomes. Recombination tends to
decrease the range of variation of Tajima’s D under the null
hypothesis (Wall 1999), which means that testing this hypo-
thesis without considering recombination decreases the power
of the test. Fu’s Fs, on the other hand, is biased towards
negative values if recombination is occurring, because every
recombination event produces new alleles leaving the
number of segregating sites unchanged. Therefore, this test
can be either too permissive (if a selective sweep occurred
or the population size increased in the past (Ramos-Onsins
& Rozas 2002) or too conservative (if balancing selection is
operating or the population size decreased in the past). Con-
trolling for recombination led to an increase in the number of
significant values of D and Fs from 6 to 14 in the ten chamois
populations we analysed, and all these values were positive.

This result strongly supports the view that genetic vari-
ation is not neutral, and it also excludes the hypothesis that
few MHC alleles diffused in these chamois groups as a results
of a selective sweep or a recent population expansion. In fact
under the latter circumstances, we would have obtained
negative values in the of Tajima’s D and Fu’s Fs statistics.
However, this does not directly tell us, whether balancing
selection exclusively produced trans-species polymorphisms
and an extreme dn/ds ratio especially in PBR region, or if it
was also important in shaping the genetic variation pattern
within groups. In fact, the same pattern of genetic variation
can be simply related to a demographic event of population
size contraction.

The demography of the chamois populations, here
analysed using the mtDNA control region sequence, revealed
a likely reduction in population size in the last 5000 to
30 000 years. Contrary to many other species which experi-
enced a demographic contraction within Mediterranean
refugia during the last glaciation, and a subsequent northern
expansion when the temperature increased (Petit et al. 2003),
the results we obtained support the view that the chamois
followed a different demographic trajectory. Increased tem-
peratures reduced the available territory for the chamois
and confined them to mountain peaks, with the likely result
of decreasing population size. Therefore, demographic
analysis of mtDNA suggests that the Tajima’s D and Fu’s Fs
test results for the MHC locus could be explained by a
demographic effect only. Nonetheless, we believe that both
demography and balancing selection influenced the pattern
of genetic variation within and between chamois popula-
tions. We justify this view considering in detail patterns of
geographical variation.
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The average population divergence at the MHC locus,
estimated using FST, was about 10 times smaller than that
observed at the mtDNA sequences (5.2% vs. 56.6%, respec-
tively). Can this difference be simply explained by the four
times larger effective population size at MHC compared to
the mtDNA? Or is an additional process (i.e. selection)
shaping the MHC genetic structure? Assuming a simple
infinite island model at mutation–drift equilibrium, constant
population size, sex-unbiased migration, and no selection,
the expected divergence at nuclear markers can be derived
using the estimated divergence at mtDNA (Crochet 2000).
Using this approach for the chamois (see for example Brito
2007), we obtain a predicted FST at the nuclear MHC locus
equal to 24.6%, five times larger than the observed value. This
approach, however, is clearly too simplistic, so we performed
a simulation experiment assuming a more realistic demo-
graphic scenario. The results of this experiment indicate that
the large difference between FST values at mtDNA and MHC
cannot be generated by random drift only.

In principle, sex-biased migration rates, with males dis-
persing more than females, as observed in two game reserve
populations (Loison et al. 1999), could explain the results of
the simulation. However, this same pattern was not seen in
an undisturbed population in the Gran Paradiso National
Park (Lovari et al. 2006). Furthermore, even increasing the
migration rate at the nuclear locus by a factor of 3, the dis-
tribution of the ratio between mitochondrial and nuclear
FST in the simulations was smaller than the value observed
in approximately 90% of replicates.

FST estimates based on MHC and neutral markers have
been compared in different species. In most cases, the MHC
population structure was either similar or higher than
observed at other loci (Landry & Bernatchez 2001; Miller
et al. 2001; Cohen 2002; Ekblom et al. 2007; Alcaide et al.
2008; see also Table 1 in Muirhead 2001), and these results
were attributed to weak selection at MHC, local adaptation,
or problems in the comparison between markers with dif-
ferent mutation models. In contrast, we observed a pattern
similar to that of two Trinidadian guppy populations (van
Oosterhout et al. 2006), with very little divergence at MHC
compared to neutral markers. The same set of MHC alleles
is maintained in different populations (see Fig. 4), other-
wise isolated and highly subject to drift effects. This could
be partially explained by increased effective migration rate
at MHC, theoretically predicted under a model of symmetric
overdominance (Schierup et al. 2000; Muirhead 2001). How-
ever, migration rates among chamois groups are probably
very low in general, since this species can be found only at
high altitudes and the valleys (especially in recent times due
to urbanization) represent strong barriers to gene flow. In
addition, our results seem to exclude strong overdominance
effects. It is more likely that the geographical distribution
of MHC alleles is shaped by similar pathogen communities
across the ecologically homogenous area we considered,

coupled with a balancing selection process acting within
groups. This process is preventing both population differ-
entiation and — as observed for example in the island fox
(Aguilar et al. 2004) — the reduction of MHC genetic variation
within groups during fragmentation and bottlenecks.

Conclusions

In this study, we showed that balancing selection shaped,
probably through a process which implies limited allele
frequencies dynamic in the short term, the major aspects of
the genetic variation in the DRB exon 2 locus in the Alpine
chamois. Alleles coding for different proteins are maintained
along the long evolutionary history of the species, but also
within geographically related, but genetically isolated,
populations highly subjected to drift effects. In particular,
the combined results from MHC and mtDNA sequences
support a scenario whereby the last glaciation produced
in the chamois populations a demographic decline and a
fragmentation in small subunits. These groups, however,
preserved since then much of their variation and continuity
at the MHC locus through a balancing selection process
which favoured the same set of alleles in different popula-
tions. It is worth noting that, besides its evolutionary
significance, balancing selection should be also considered
an important mechanism to counterbalance the loss of
diversity at the very important MHC loci. The open question
is how fast this mechanism can operate in species, such as
the chamois, where human activities constantly introduce
or enhance barriers to gene flow and interfere with the natural
population dynamics through hunting and translocations.
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