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Introduction

The major histocompatibility complex (MHC) plays a

crucial role in the adaptive immune response of verte-

brates. The MHC is a multigene family encompassing

classical class I and class II genes, as well as nonclassical

MHC genes and pseudogenes (Kelley et al., 2005). MHC

class I and class II comprise several loci coding for

proteins involved in antigen presentation and initiation

of the T-cell-mediated specific immune responses. Anti-

gens are presented in a groove formed by proteins coded

by second and third exons of MHC class I genes, whereas

in MHC class II the groove is a dimer formed by products

of second exons of two separate genes (DRA and DRB,

DQA and DQB, etc.). Class I molecules are involved

mainly in the immune response to intracellular patho-

gens, such as viruses, whereas class II molecules are

involved in the recognition of extracellular pathogens

(Janeway et al., 2004), although there is some overlap of

these functions (Iwasaki & Medzhitov, 2010).

The MHC genes are the most polymorphic genes

known in vertebrates, with the majority of polymor-

phism located at residues coding for the antigen binding

sites (ABS, Garrigan & Hedrick, 2003; Janeway et al.,

2004). At these sites, an excess amount of nonsynony-

mous substitutions (dN ⁄ dS > 1), which is a hallmark of

positive selection for amino acid substitutions, is ob-

served (Bernatchez & Landry, 2003; Garrigan & Hedrick,

2003; Piertney & Oliver, 2006). Alleles in different

species can be more similar to each other than some
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Abstract

The major histocompatibility complex (MHC) genes code for proteins that play a

critical role in the immune system response. The MHC genes are among the

most polymorphic genes in vertebrates, presumably due to balancing selection.

The two MHC classes appear to differ in the rate of evolution, but the reasons for

this variation are not well understood. Here, we investigate the level of

polymorphism and the evolution of sequences that code for the peptide-binding

regions of MHC class I and class II DRB genes in the Alpine marmot (Marmota

marmota). We found evidence for four expressed MHC class I loci and two

expressed MHC class II loci. MHC genes in marmots were characterized by low

polymorphism, as one to eight alleles per putative locus were detected in 38

individuals from three French Alps populations. The generally limited degree of

polymorphism, which was more pronounced in class I genes, is likely due to

bottleneck the populations undergone. Additionally, gene duplication within

each class might have compensated for the loss of polymorphism at particular

loci. The two gene classes showed different patterns of evolution. The most

polymorphic of the putative loci, Mama-DRB1, showed clear evidence of

historical positive selection for amino acid replacements. However, no signal of

positive selection was evident in the MHC class I genes. These contrasting

patterns of sequence evolution may reflect differences in selection pressures

acting on class I and class II genes.
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alleles within species (trans-species polymorphism), indi-

cating long-term maintenance of allelic lineages (Klein

et al., 1998). The high number of alleles, their high

divergence, the molecular signatures of positive selection

and trans-specific polymorphism imply the maintenance

of genetic variability via balancing selection (Takahata &

Nei, 1990). The rapid evolution of parasites may contrib-

ute to this selection as the parasites’ adaptation to

common host genotypes may result in a negative

frequency-dependent selection on the MHC alleles (Snell,

1968). Additionally, different MHC alleles may be

favoured at different times depending on the composi-

tion of the parasite community (Hedrick, 2002). Further-

more, heterozygous individuals may gain an advantage

in viability by being able to present a wider range of

antigens (Doherty & Zinkernagel, 1975). Finally, MHC

variation can also be maintained by mate choice (Hedrick,

1992).

While the above mechanisms are invoked in explaining

polymorphism of both MHC classes, class I genes appear to

undergo a faster rate of birth-and-death than class II loci

among mammals (Hughes & Nei, 1989; Yeager & Hughes,

1999). In contrast, in salmonids and in the Lake Tana large

barb species flock, MHC class I lineages are more divergent

and older than class II genes (Kruiswijk et al., 2005,

Shum et al., 2001). The reasons for this difference between

class I and class II genes are not well understood, but are

likely to result from differences in selection pressures

acting on both MHC classes. Such differences should be

reflected in the rates of sequence evolution, but such

comparisons have rarely been made between MHC classes.

In mice, dN ⁄ dS in MHC class I genes is considerably lower

than that in MHC class II (Hughes & Nei, 1988, 1989),

consistent with stronger balancing selection maintaining

class II lineages for longer evolutionary time. Selection

differences were also found for Labeobarbus intermedius

species flock, with the lower number of sites showing

elevated dN ⁄ dS values in class I relative to class II (Wegner,

2008). In humans, however, differences in the rate of the

birth-and-death process are not mirrored in the differences

in the strength of positive selection, as dN ⁄ dS ratios are very

similar for both MHC classes (Hughes & Nei, 1988, 1989).

Here, we characterize, for the first time, the variation

in the sequences of second exon of MHC class I gene and

MHC class II DRB gene in the Alpine marmot (Marmota

marmota), and compare the extent of historical selection

acting on the two MHC classes. The high parasite load

found in Alpine populations of this species (Callait, 1999)

suggests that immune resistance could be a crucial factor

in determining individual fitness and that it may have

consequences for population viability. Furthermore,

MHC is likely to play a role in mate choice in this

species. The Alpine marmot is a socially monogamous

species with a high level of extra-pair paternity (Cohas

et al., 2006), and previous studies showed significant

influence of individuals’ genetic characteristics on extra-

pair mate choice (Cohas et al., 2006, 2007, 2008).

Material and methods

We obtained hair samples from 38 individuals from three

populations (La Grande Sassière Nature Reserve – n = 15,

the National Park of Les Ecrins – n = 10 and the Maurienne

valley – n = 13, described in Goossens et al., 2001).

Genomic DNA was extracted from 15 to 30 hairs by

incubation at 66 �C for 80 min in 50 lL lysis buffer (20 mMM

Tris–HCl, 1.5 mMM MgCl2, 25 mMM KCl, 0.5% Tween 20 and

0.1 mg mL)1 proteinase K), followed by 20 min of

proteinase K inactivation at 96 �C (Cohas et al., 2008).

DNA amplifications were performed in the Mastercycler

(Eppendorf, Hamburg, Germany) in 10 lL reaction mix-

ture containing 5 lL of HotStarTaq Polymerase Master

Mix (Qiagen, Hilden, Germany), 0.2 lL of both primers at

100 lMM, 3.6 lL of water and 1 lL of DNA at a concentra-

tion of 30 ng lL)1. The cycling scheme was 95 �C for

15 min, followed by 35 cycles at 95 �C for 30 s, primer-

specific annealing temperature (Table S2) for 30 s, 72 �C
for 60 s and a final extension step at 72 �C for 10 min.

To investigate the expression of the MHC loci in

marmots, we also extracted RNA from RNAlater (Qia-

gen)-preserved spleens of three individuals coming from

the Maurienne valley using the RNeasy Mini Kit

(Qiagen) and reverse-transcribed the samples using

Omniscript RT Kit (Qiagen) following the manufacturer’s

protocols.

MHC class I primers were designed in conserved

regions of the second exon based on rodent sequences

obtained from GenBank (Table S1). PCR products ob-

tained with the primers from a subsample of 18 individ-

uals were then purified using the MinElute PCR

Purification Kit (Qiagen) and cloned using StrataClone

PCR Cloning Kit (Agilent Technologies, Santa Clara, CA,

USA). Twenty-four clones per pool were amplified using

the M13 forward and reverse primers and sequenced

with BigDye Terminator 3.1 sequencing kit (Applied

Biosystems, Carlsbad, CA, USA), and products were

sequenced on an ABI 3130xl Genetic Analyzer (Applied

Biosystems). Phylogenetic analysis grouped the obtained

sequences (199 or 202 bp) into four strongly divergent

branches, allowing design of cluster-specific primers

(MarmR1, MarmR2, MarmR3 and MarmR4) amplifying

175- to 180-bp-long sequences (Table S2). Primer se-

quences, annealing temperature and concentration for

each primer set are specified in Tables S1 and S2.

For initial amplification of the second exon of MHC

class II DRB loci, we used conservative primers located in

the first (EV2F) and the third (EV1R, Table S1) exons,

designed using the GenBank mammalian sequences

(Kloch, unpublished data). Amplification from gDNA

was not successful, and therefore, we amplified each

cDNA sample. PCR products were cloned and sequenced

as previously described to obtain 16 sequences from each

cDNA sample. The sequences formed two clades (Fig. 2),

and consequently, two sets of marmot-specific primers

were designed: forward MM_DRB_F1 and reverse
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MM_DRB_R3, and forward MM_DRB_F2 and reverse

MM_DRB_R2, amplifying a 203- to 204-bp fragment of

the second exon of the DRB locus (Table S1 and S2).

We used several approaches for genotyping individuals

and determining sequences of individual alleles. For

genotyping, we performed the single strand conforma-

tional polymorphism (SSCP) using capillary electropho-

resis (as described in Biedrzycka & Radwan, 2008). The

homozygotes were sequenced directly, and sequences of

heterozygotes with novel SSCP patterns were inferred

based upon previous knowledge of migration patterns of

known sequences (from homozygotes and previously

sequenced clones). Sequences of all such obtained alleles

were confirmed by 454 sequencing (Babik et al., 2009;

Zagalska-Neubauer et al., 2010) of other sample of

individuals (A. Johanet, A. Cohas & D. Allainé, unpub-

lished data). The nomenclature principles proposed by

Klein et al. (1990) were followed to designate allele

names for both MHC classes (see Table S2).

The phylogenetic trees were constructed under the

Bayesian approach with MRBAYESMRBAYES3.1.2 (Ronquist &

Huelsenbeck, 2003). For the computation of both trees,

the likelihood settings corresponded to the general time-

reversible (GTR) model + G with the parameter values

estimated from the data. Priors were set to default values.

Four Metropolis-coupled Markov-chain Monte Carlo

simulations (three of them ‘heated’, temperature = 0.20)

were run for 5 · 106 generations and sampled every

1000 generations. The first 1000 trees were discarded as a

burn-in. To calculate the posterior probability of each

bipartition, the majority-rule consensus tree was com-

puted from the 4000 sampled trees. Pseudogene

sequence was excluded from tree construction.

Observed (Ho) and expected (He) heterozygosity,

Hardy–Weinberg equilibrium tests and allele frequencies

were computed for each locus separately using the

ARLEQUINARLEQUIN 3.5 software (Excoffier & Lischer, 2010).

Allelic richness (R) for each locus was calculated using

the rarefaction method implemented in FSTATFSTAT 2.9.3

(Goudet, 2001).

The average pairwise nucleotide distances (Kimura

2-parameter model, K2P), the Poisson-corrected amino

acid distances and average rates of synonymous (dS) and

nonsynonymous (dN) substitutions per site, using the

Nei–Gojobori method (Nei & Gojobori, 1986) with the

Jukes–Cantor correction for multiple substitutions, were

computed in MEGAMEGA5 software (Tamura et al., 2011). The

locations of putative ABS sites in MHC class I and MHC

class II DRB genes were inferred from the structure of

human HLA genes (Reche & Reinherz, 2003).

We tested for positive selection shaping the evolution

of the second exon of MHC class I and MHC class II DRB

genes using two approaches. First, we compared dS and

dN for all sites, ABS and non-ABS, using the Z-test in

MEGAMEGA5 software. The standard error of dN and dS was

obtained through 1000 bootstrap replicates (Nei &

Kumar, 2000). Second, we used CODEML, included in

PAMLPAML 4.2 (Yang, 2007), to compare the likelihoods of

three codon-based models of sequence evolution. These

models are the following: M0, a one x (i.e. dN ⁄ dS) ratio;

M7, a nearly neutral ratio (0 < x < 1) with x-ratio

variation depending on b-distribution; and M8, a positive

selection ratio (some sites evolve with x > 0) with

x-ratio variation depending on b-distribution. We chose

the best-fitting model on the basis of the lowest value of

the Akaike Information Criterion (AIC, Posada &

Buckley, 2004). Positively selected codons under the

M8 model were identified through the Bayes empirical

Bayes procedure (Zhang et al., 2005).

Results and discussion

In total, we found 7 MHC class I sequences and 11 MHC

class II DRB sequences. The sequences were deposited in

GenBank (MHC class II; accession numbers JQ837902–

JQ837912) and provided in Supporting Information

(MHC class I). All except one sequence (Mama-

DRB1*08) lacked stop codons or indels. Bayesian phylo-

genetic trees constructed for the second exon of MHC

class I genes and MHC class II DRB genes of rodent

species are shown in Figs 1 and 2. The phylogenetic

analysis of the MHC class I alleles distinguished two well-

supported clusters of marmot sequences and two addi-

tional highly divergent sequences. The sequences of

marmot MHC class II DRB genes formed two highly

supported and divergent clusters. The high divergence of

both the MHC class I and MHC class II clusters suggests

that they may constitute separate loci. Per individual,

four to six unique nucleotide sequences were found in

MHC class I genes, corresponding to four to five amino

acid sequences, and two to four nucleotide sequences

were found in MHC class II DRB genes, corresponding to

two to three amino acid sequences. Analysis of the

genotypes of all individuals supported the notion that

each cluster (amplified by a specific primer pair) repre-

sents a separate locus. Firstly, none of the cluster-specific

primer pairs amplified more than two alleles per indi-

vidual. Secondly, at least one sequence belonging to each

cluster was present in all individuals. Amplification and

sequencing of cDNA samples confirmed the expression of

alleles belonging to all of the clusters detected in gDNA,

for both the MHC class I and MHC class II DRB genes

(Figs 1 and 2). Allele Mama-DRB1*08 contained an

insertion altering the reading frame. After removing the

insertion, sequence aligned fully with Mama-DRB1*02

allele, and it never occurred along with more than one

other DRB1 sequence, so it most likely belonged to the

same locus. It has not occurred in individuals sampled for

MHC expression, so it is unclear whether it is transcribed.

Our data thus indicate the presence of four MHC class I

loci (two represented by a single allele) and two MHC

class II DRB loci in each of the investigated individuals.

MHC class I clusters did not show well-supported

relationships to other rodent sequences (Fig. 1), consistent
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with fast gene turnover characteristic of this class in

mammals (Hughes & Nei, 1988, 1989; Yeager & Hughes,

1999). Within MHC class II, Mama-DRB1 cluster grouped

with sequences of Spermophilus suslicus DRB locus and

Mama-DRB2 cluster grouped with a Dipodomys spectabilis

DRB sequence (Fig. 2). Although relatively short

sequence analysed does not allow drawing firm conclu-

sions about time-order of duplications, especially that

strong positive selection may interfere with phylogenetic

inference (Wettstein et al., 1996), the grouping of DRB2

with Dipodomys suggests that duplication occurred before

the split of Sciuromorpha from other rodent suborders

and that Mama-DRB2 ortholog has subsequently been

lost in Spermophilus.

Our phylogenetic tree contained other Marmota (MHC

class I) or Spermophilus (MHC class II) sequences, but

despite relatively short time since the split between

marmot and ground-squirrel lineages (some 10 Mya;

Armitage, 2000), we observed no indications of trans-

species polymorphism: the alleles within clusters were

more similar to each other than to alleles of other sciurid

species (Figs 1 and 2). Whether trans-species polymor-

phism is observed between Marmota genera at MHC

class II awaits data on other species.

Enhancing antigen-presenting capabilities by duplica-

tion of genetic loci is widespread among mammals

(Kelley et al., 2005). Among rodents, duplication of the

MHC class I region has been reported in Muridae

(Günther & Walter, 2000; Kumánovics et al., 2002) and

Cricetidae (Crew et al., 1990; Lobigs et al., 1995), where

two to three loci were found, although our study is the

first to document multiple MHC class I loci in Sciuridae

(Wettstein et al., 1996; Yang et al., 2000). The MHC class II

DRB region does not seem to be duplicated in most of

the species studied thus far (e.g. mouse – Mus musculus, rat –

Rattus norvegicus, Figueroa et al., 1990; striped mouse –

Rhabdomys pumilio, Froeschke & Sommer, 2005), including

sciurids (spotted suslik – S. suslicus, Biedrzycka & Radwan,

2008; European ground squirrel – Spermophilus citellus,

Ricanova et al., 2011), and has been completely deleted

in mole rats (Nizetić et al., 1987). However, extensive

duplications have also been reported (banner-tailed

kangaroo rat – D. spectabilis, Busch et al., 2008; bank

vole – Myodes glareolus, Babik et al., 2009). Unlike in

some other mammals with duplicated loci (e.g. bank

vole – M. glareolus, Babik et al., 2009; macaque – Macaca

mulatta, Khazand et al., 1999), DRB in Alpine marmots

does not show interindividual variation in the number of

copies.

The frequencies of alleles in polymorphic putative loci

are shown in Table S3. We found no deviations from

Hardy–Weinberg equilibrium except for a significant

excess of homozygotes in La Maurienne population at

the Mama-UD locus (Table S4). This could result from

segregation in this population of an allele which is not

captured by our primers, by selection increasing fre-

quency of homozygotes or by nonrandom sampling, for

example resulting from family structure. These possibil-

ities need to be resolved using larger sample sizes,

although given that our primers were designed based

on an extensive knowledge of variation in marmot
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Fig. 1 A phylogenetic tree constructed from a 174-bp fragment of

the second exon of MHC class I gene illustrating the localization of

the Marmota marmota alleles (Mama-U) as compared to other rodent

alleles. Bayesian posterior probabilities above 70% are shown next

to branches. The rodent sequences used to generate the tree are as

follows: Rattus norvegicus: RT1-A1 (NM_001008827.1), RT1-A2

(BC088465.1), RT1-CE1 (NM_001008832.2), RT1-CE5 (BC098841.1);

Mus musculus musculus: H-2D-b (M18523.1), H-2K (V00746.1), H-2Ld

(V00752.1); Cricetulus griseus: Hm1-C1 (AY064386.1), Hm1-C3

(AY064388.1); Mesocricetus auratus: Meau-A (M63144.1), Meau-C

(M63147.1); Peromyscus maniculatus: Pema*62 (U12887.1), Pema*13

(U12822.3); Sciurus aberti aberti: Scab (M97617.1); Marmota monax:

Mamo-IA*01 (AF153907.1), Mamo-IA*02 (AF146093.1), Mamo-IA*10

(AF146091.1), Mamo-IA*14 (AF154348.1), Mamo-A*16

(AY139187.1), Mamo-A*18 (AY139189.1), Mamo-A*20

(AY139191.1). Homo sapiens sequences: HLA-A2 (K02883.1),

HLA-B (AJ292075.2) and HLA-C (Y18533.1) were used to root the

tree. The GenBank accession numbers are in parentheses. Filled

circles denote M. marmota expressed alleles.
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sequences, nonamplification of some alleles does not

appear likely. After translation to amino acid sequences,

only one MHC class I cluster (Mama-UD, composed of two

amino acid sequences) and one MHC class II DRB cluster

(Mama-DRB1, composed of seven amino acid sequences)

contained polymorphic protein sequences (Table S5).

The average pairwise nucleotide distances and amino

acid distances were similar between MHC class I and class II

sequences (Table 1). The MHC class I sequences were

characterized by similar distances at ABS and non-ABS

sites; however, for the MHC class II sequences, the

distances were about four times higher at the ABS sites

(Table 1). The two MHC classes apparently differ in the

degree of historical selection undergone. No signal indi-

cating positive selection was detected for MHC class I. The

dN ⁄ dS ratio was less than one for both ABS and non-ABS

sites (Table 1). The same result was obtained when the

MHC class I cluster polymorphic in terms of amino acid

sequences, the Mama-UD putative locus, was analysed

separately (Table S6). Similarly, models of codon evolu-

tion for MHC class I sequences indicated that the nearly

neutral model fitted the data the best (Table S7).

In contrast, we found support for historical selection

favouring substitutions altering the amino acid sequences

in the MHC class II DRB gene. When all sequences were

considered, dN significantly exceeded dS in putative ABS

sites but not in non-ABS sites (Table 1). While ABS

positions are likely to differ to some extent among species

(see below), this result suggests that positive selection

was acting primarily on functionally important sites

(Bernatchez & Landry, 2003). Model selection in PAML

did not show a significantly better fit for the positive

selection model (Table S7). However, this could be due

to the high interlocus sequence divergence resulting in a

saturation of both synonymous and nonsynonymous

substitutions (Richman et al., 2001). Indeed, when the

Mama-DRB1 cluster was analysed separately, the Z-test

for positive selection was significant for ABS sites and

also across all sites (Table S6). The M8 model incorpo-

rating positive selection provided the best fit for the data

(Table S7). The Bayes empirical Bayes procedure identi-

fied six codons evolving under positive selection (poster-

ior probability > 95%), three of which were located in

the putative ABS (Table S5). This result suggests that

functionally important sites do not exactly overlap

between distantly related species, as also noted by other

authors (e.g. Promerova et al., 2009).

We thus found evidence for historical selection acting

on the MHC class II genes but not on MHC class I genes.

Weaker selection on MHC class I has also been reported

for mice (Hughes & Nei, 1988, 1989), and it may be one

of the factors facilitating faster turnover of this genes

among mammals.

Diversity at both MHC class I and class II DRB genes is

remarkably low compared to other rodents (reviewed in

Goüy de Bellocq et al., 2008). Such a low diversity in

Alpine marmots can result from undergoing several
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Fig. 2 A phylogenetic tree constructed from a 198-bp fragment of

the second exon of MHC class II DRB gene illustrating the

localization of the Marmota marmota alleles (Mama-DRB) among

other rodent alleles. Bayesian posterior probabilities above 70% are

shown next to branches. The rodent sequences used to generate the

tree are as follows: Spermophilus suslicus: Spsu*01 (EF569186.2),

Spsu*03 (JF681148.1), Spsu*08 (EF569193.2), Spsu*10 (EF569195.2),

Spsu*11 (EF569196.2), Spsu*15 (EF569200.2), Spsu*18

(HM461913.1); Cricetus cricetus: Crcr*05 (AJ490315.1), Crcr*07

(AJ490317.1), Crcr*14 (AJ490324.1); Sigmodon hispidus: Sihi

(AY169006.1); Hypogeomys antimena: Hyan (AJ416074.1); Peromyscus

maniculatus: Pema (AF300855.1); Peromyscus leucopus: Pele

(AF300851.1); Rattus norvegicus: Rano (AJ003226.1); Mus musculus

musculus: MumuEb1 (U88928.1), MumuEb2 (U88929.1), MumuEb3

(U88931.1); Dipodomys spectabilis: Disp*01(EU817479.1), Disp*04

(EU817482.1), Disp*05 (EU817483.1), Disp*06 (EU817484.1); Sciurus

aberti aberti: Scab (M97616.1); Ctenomys talarum: Ctta (DQ380442.1);

Ctenomys australis: Ctau (GQ497466.1). The other sequences included

are as follows: Homo sapiens: HLA-DRB1 (AJ297583.1), HLA-DRB2

(M17377.1) and HLA-DRB3 (NM_022555.3). HLA-DRB1, HLA-DRB2

and HLA-DRB3 were used to root the tree. The GenBank accession

numbers are in parentheses. Filled circles denote M. marmota

expressed alleles.
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bottleneck events (Preleuthner & Pinsker, 1993; Rass-

mann et al., 1994). The low polymorphism observed at

neutral microsatellite loci in Alpine marmots (Goossens

et al., 2001) confirms that bottleneck events are the most

likely explanation for the low MHC variation in this

species. While in historically bottlenecked populations

considerable depletion in MHC variation is often ob-

served (reviewed in Radwan et al., 2010), strong balanc-

ing selection can modulate effects of drift (Aguilar et al.,

2004). Higher polymorphism levels were observed in the

Alpine marmot’s MHC class II DRB genes, compared to

the MHC class I genes (eight alleles in the most

polymorphic Mama-DRB1 putative locus vs. three alleles

in the Mama-UD putative locus). This is also consistent

with stronger balancing selection acting on MHC class II

DRB locus. Such selection should have resulted in both a

higher prebottleneck diversity and retention of more

DRB alleles during the bottleneck.

A large amount of evidence supports the maintenance

of variation in MHC genes via pathogen-induced bal-

ancing selection (review in Spurgin & Richardson,

2010). However, different MHC genes may experience

different selection pressure from parasites, as illustrated

by divergent associations with parasite load between

DQA and DRB genes in Arvicola terrestris (Tollenaere

et al., 2008). The weak selection acting on MHC class I

genes in marmots could be caused by a weak intracel-

lular pathogenic pressure. Unfortunately, little is known

about pressure exerted by intracellular parasites in

Alpine marmots, so this explanation needs to be assessed

in future research. Additionally (or alternatively), the

high number of expressed loci already present, with

very divergent alleles, may be sufficient to recognize

most of the intracellular pathogens. On the contrary, the

positive selection acting on the DRB genes could result

from higher extracellular pathogenic pressure acting on

marmots. Indeed, autopsies revealed a huge burden of

three common extracellular parasite species with a

prevalence ranging from 32% to 89% and a total

parasite biomass reaching, on average, 1% of the host

body weight at the entry into hibernation in the

population of La Sassière (Callait, 1999). Comparative

evidence suggests that among rodents the load of

extracellular parasite can indeed have strong effect on

the evolution of MHC genes: Goüy de Bellocq et al.

(2008) found that helminth species richness is a signif-

icant predictor of MHC class II polymorphism.

Alternatively, a higher level of selection on the MHC

class II loci could result from an involvement in mate

choice. The relative roles of MHC classes in producing

olfactory cues are not well understood, although class I

proteins have been shown to affect odours in mice

(Penn & Potts, 1998; Leinders-Zufall et al., 2004). Future

work examining contemporary selection on MHC,

resulting both from parasites and from mate choice,

should provide some indications concerning the reasons

for differences in modes of evolution in class I and class II

DRB genes in Alpine marmots.
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