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Abstract

Host-pathogen interactions are of particular interest in studies of the interplay between
population dynamics and natural selection. The major histocompatibility complex (MHC)
genes of demographically fluctuating species are highly suitable markers for such studies,
because they are involved in initiating the immune response against pathogens and display
a high level of adaptive genetic variation. We investigated whether two MHC class II genes
(DQA1, DRB) were subjected to contemporary selection during increases in the density of
fossorial water vole (Arvicola terrestris) populations, by comparing the neutral genetic
structure of seven populations with that estimated from MHC genes. Tests for heterozygosity
excess indicated that DQA1 was subject to intense balancing selection. No such selection
operated on neutral markers. This pattern of selection became more marked with increasing
abundance. In the low-abundance phase, when populations were geographically isolated,
both overall differentiation and isolation-by-distance were more marked for MHC genes
than for neutral markers. Model-based simulations identified DQA1 as an outlier (i.e.
under selection) in a single population, suggesting the action of local selection in fragmented
populations. The differences between MHC and neutral markers gradually disappeared
with increasing effective migration between sites. In the high-abundance year, DQA1
displayed significantly lower levels of overall differentiation than the neutral markers.
This gene therefore displayed stronger homogenization than observed under drift and
migration alone. The observed signs of selection were much weaker for DRB. Spatial and
temporal fluctuations in parasite pressure and locus-specific selection are probably the
most plausible mechanisms underlying the observed changes in selection pattern during

the demographic cycle.
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Introduction

Evolutionary biologists are increasingly focusing their
interest on the interplay between population dynamics and
natural selection (Saccheri & Hanski 2006). Molecular
markers linked to host—pathogen interactions are of great
potential use for increasing our understanding of these
processes (reviewed in Charbonnel et al. 2006). The genes
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of the major histocompatibility complex (MHC), encoding
proteins that bind pathogen-derived foreign peptides to
T cells to initiate an immune response, provide a classic
example of such markers. MHC genes may be extremely
polymorphic due to their role in disease resistance; high
levels of variation in these genes are therefore thought
to be adaptive in natural populations (Apanius ef al. 1997).
There is growing body of empirical data from natural
populations suggesting that MHC genes have been subject
to positive selection over an evolutionary timescale,
resulting in high ratio of nonsynonymous to synonymous
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nucleotide substitutions and the sharing of MHC sequences
between species or genera (reviewed by Bernatchez &
Landry 2003; Garrigan & Hedrick 2003).

It is more difficult to demonstrate selection acting on
MHC genes in contemporary generations (Piertney & Oliver
2006). One of the promising approaches is the comparison
of population divergence levels based on neutral and MHC
markers (Schierup et al. 2000). Balancing selection should
increase within-population MHC diversity relative to total
diversity. An incoming migrant MHC allele absent in the
resident population may be selected for, increasing its
chance of invasion over those for neutral alleles and
therefore increasing its effective migration rate. It has been
suggested that population subdivision — as measured by
conventional statistics such as Fg — should be much less
apparent at genes under balancing selection than at neutral
genes (Schierup et al. 2000; Muirhead 2001). Conversely,
if the selective advantage of MHC alleles varies across
populations due to the heterogeneity of selection pressures
(e.g. local variation in parasite community structure, etc.),
then particular subsets of alleles should be favoured locally
(i.e. local adaptation) but have limited success in invading
other populations, thus resulting in higher levels of popu-
lation differentiation than would be expected under
neutrality (Muirhead 2001).

Only a limited number of empirical studies comparing
neutral and MHC marker variation in wild populations
have been performed. In the bighorn sheep (Ovis canadensis),
mean Fg; values were found to be very similar for MHC
and microsatellite markers, suggesting that nonselective
forces are of the utmost importance in determining the
spatial pattern of differentiation at the MHC loci (Boyce
et al. 1997; Gutierrez-Espeleta et al. 2000). Major effects of
genetic drift and demographic factors on the variation
and distribution of MHC alleles have also been found
in other mammals (e.g. Seddon & Ellegren 2004; Worley
et al. 2006) and birds (Miller & Lambert 2004). In contrast,
large differences in the extent of genetic differentiation
at MHC and microsatellite loci have been observed
between wild Atlantic salmons from different sites within
a river, supporting the hypothesis of local adaptation on
a small geographical scale (Landry & Bernatchez 2001;
Aguilar & Garza 2006).

The intensity and target of selection may vary in time
and space due to the direct effects of variation in the
prevalence of parasites or the indirect effects of variations
in the fitness costs of infection with resource availability.
Fluctuating selection has been explored theoretically
and validated as a concept and several empirical studies
have also provided support for this idea (Charbonnel &
Pemberton 2005 and references therein). Suitable models
for the analysis of spatial and temporal fluctuations in
selection include populations of arvicoline rodents dis-
playing regular multi-annual changes in density. Water
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vole populations in the Jura Mountains, on the border
between France and Switzerland, display cyclic dynamics
with densities varying from less than one to several
hundred individuals per hectare over 5-6 years (Saucy
1994; Giraudoux et al. 1997). We recently reported high
levels of neutral genetic diversity in these populations,
despite the small numbers of animals periodically
observed (Berthier et al. 2005; Berthier et al. 2006). In the
most recent of these two studies, seven populations were
monitored at a very fine scale over 3 years marking the
transition from a patchy structure (demes) at low density
to a continuous population at high density. At the end of
the low-density phase, demes displayed the effects of
genetic drift due to their small size and geographical isola-
tion. This genetic drift led to a loss of local genetic diversity
and spatial differentiation among demes. This situation
was counterbalanced during the phase of increasing popu-
lation density by the spatial expansion of demes and an
increase in effective migration between differentiated
demes. Despite significant changes in the genetic structure
of populations with changes in density, no evidence for a
departure from mutation-drift equilibrium was observed
(Berthier et al. 2006).

In this study, we expand the data set reported by Berthier
et al. (2006), by adding new data on the genetic polymor-
phism of two MHC class II genes (DQA1 and DRB) in these
populations. This study had two main aims. The first was
to describe genetic variation in the DRB sequences of the
water vole, with the aim of identifying a signature of
historical selection. The second aim was to compare the
genetic structures of neutral genes (microsatellites) with
those of genes thought to be under selection (MHC genes),
with the aim of identifying signals of contemporary selec-
tion acting on MHC genes. Under balancing selection,
the level of differentiation at MHC genes between popu-
lations should be significantly lower than that observed
for neutral markers. Alternatively, if selection pressure
varies spatially, then evolution should lead to local differ-
entiation and the MHC genes should display greater
population subdivision than neutral nuclear markers. We
also investigated whether the increase in effective migra-
tion due to an increase in density (Berthier et al. 2006)
outweighed the effects of selection (either balancing or
diversifying). The factors underlying the cycling of arvico-
line rodent populations are unknown, but studies on these
populations have recently suggested that pathogens may
play a key role, as in other cyclic vertebrates (O’Brien et al.
2006; Redpath et al. 2006). If we assume this to be the case,
then genes encoding proteins involved in the immune
response should be under strong selection pressure, pro-
viding us with a unique opportunity to study the balance
between drift, migration and selection on MHC genes in
natural vertebrate populations and changes in this balance
over time.
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Materials and methods

Populations

Genetic variability was analysed at seven sites (1.6-12.6 km
apart) sampled during the phase of density increase of the
population cycle of the water vole in the Franche-Comté
region in eastern central France. Each site covered 1-2 ha of
large, open meadows and the animals found within this
area are referred to hereafter as a “‘population’. At each site,
80 traps were set a minimum of 5 m apart (i.e. in different
vole colonies) to avoid the capture of closely related
individuals. The water vole populations were sampled in
October 2001, October 2002, and October 2003. In total, 591
individuals were collected and analysed (15-37 individuals
per population sample; the sample size did not depend on
population density). Additional details on sampling and
abundance surveys in the field have been published
elsewhere (Berthier et al. 2006).

The water vole displays pronounced, regular, multi-
annual changes in population density in the study area.
The abundance of these rodents was very low between the
end of the last increase in population in 1998 and the end
of 2001. During the first sampling in October 2001, vole
colonies were detected at only seven sites in the entire
study area, despite intensive field searches. Between
October 2001 and October 2003, the abundance of voles
significantly increased. In October 2003, abundance indices
were high and displayed little variation between sites,
indicating a uniform abundance of voles across the whole
sampling area (see Berthier et al. 2006).

Genotyping at microsatellite and MHC loci

Genomic DNA was extracted from tissue samples (toe or
end of the tail) using the QIAmp Tissue Kit (QIAGEN)
according to the manufacturer’s instructions. All individuals
were typed at 17 autosomal microsatellite loci (see details
on the loci analysed and the genotyping methods used in
Berthier et al. 2006) and for two MHC class II genes (DQA
and DRB homologues). We previously showed (Bryja et al.
2006) that the DQA gene is duplicated in water voles (DQA1
and DQA?2). Based on genotype composition, we were able
to distinguish alleles at particular loci and found that the
DQA?2 gene is not present in all individuals (see details in
Bryja et al. 2006). We therefore excluded this locus from
further analyses. The second exons of the DQA1 and DRB
genes, encoding the protein region thought to be involved
in peptide binding (the antigen-binding site, ABS) were
genotyped in all individuals by polymerase chain reaction
(PCR) and single-strand conformation polymorphism (SSCP)
analysis. Details concerning the genotyping of DQAI1 are
provided in a previous publication (Bryja et al. 2006). A
fragment of exon 2 of the DRB gene (216 bp) was amplified

with the primers JS1 and JS2 (Schad etal. 2004) in the
following mixture: 2 mm MgCl,, 0.3 um of each primer,
100 um dNTPs, 0.5 U Tag polymerase (QIAGEN) in the
appropriate 1x PCR buffer, and 1 puL of extracted DNA.
De-ionized water was added to a give a final reaction volume
of 10 uL. Samples were subjected to initial denaturation
at 96 °C for 2 min, followed by 30 cycles of denaturation at
94 °C for 30 s, annealing at 57 °C for 30 s and extension at
72 °C for 1 min, with a final extension phase at 72 °C for
10 min. The PCR fragments of both genes were fluore-
scently labelled using primers bound to different dyes
(6’'FAM, HEX, or NED) and SSCP analysis was then
carried out on a MEGABACE-1000 DNA Analysis System
(Amersham Biosciences; see Bryja et al. 2005 for details).
Briefly, PCR products were diluted in 10 mm Tris-HCI
(pH 8.5), mixed with internal ROX-labelled marker (Amer-
sham Biosciences), denatured, snap-cooled on ice and
injected into the capillaries. We used nondenaturing 6%
low-to-medium molar weight linear polyacrylamide
(Genomac) as a sieving matrix and MEGABACE 1x running
buffer (Amersham Biosciences) supplemented with 10%
glycerol as a running buffer for capillary electrophoresis in
27 °C. The electrophoretograms were aligned and analysed
with MEGABACE Genetic Profiler 1.5 software (Amersham
Biosciences). This made it possible to distinguish reliably
the SSCP patterns of all sequences of DQA1 (Bryja et al. 2006)
and DRB identified by cDNA cloning and sequencing.

c¢DNA cloning and sequencing

The second exon of DRB was characterized by the cloning
and sequencing of particular cDNAs as described in detail
in Bryja et al. (2006). Briefly, we selected individuals with
diverse SSCP patterns, and extracted total RNA from their
spleens, which had been preserved in RNAlater (Ambion).
We used 1uL of extracted RNA and poly(T) primer for
reverse transcription. Exon 2 of the DRB gene was partially
amplified from cDNA, using the primers JS1 and JS2.
Purified PCR products were cloned with the pGEM-T
Cloning Kit (Promega). We screened about 12 clones per
individual by PCR and SSCP analyses, in which the SSCP
pattern of individual clones was compared with those of
PCR products from a particular individual. This made it
possible to exclude clones containing PCR artefacts (clones
with an SSCP pattern not observed in the SSCP pattern of
the corresponding individual). Plasmid DNA was extracted
with the QIAprep Spin Miniprep Kit (QIAGEN) and inserts
were sequenced by DYEnamic ET Terminator Cycle
Sequencing Kit (Amersham Biosciences).

Sequence analysis

The partial DRB exon 2 sequences obtained (171 bp without
primers) were edited and aligned in BIOEDIT Sequence
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Fig. 1 Fg; values estimated from 17 microsatellites (black circles) plotted against heterozygosity. Lines denote the 0.975, 0.500 and 0.025
quantiles of the distribution of Fq against heterozygosity estimated from 50 000 simulations in FDIST2.

Alignment Editor (Hall 1999), using cLusTAL w Multiple
Alignment. As a large proportion of the sequences obtained
could potentially have corresponded to artefacts of PCR
amplification (Bryja etal. 2005), we considered a new
sequence variant to be a new allele only if it was obtained
from two separate PCRs for the same individual, or by PCR
from at least two different individuals. Water vole allele
nomenclature is as described by Klein et al. (1990). We
started numbering alleles from Arte-DRB*06, because five
sequences (different from ours) were recently published by
Oliver & Piertney (2006). The 16 partial exon 2 sequences
from the water vole DRB gene are available from GenBank,
under Accession nos EF660500— EF660515.

Molecular evolutionary analyses were carried out
using MEGA 3.0 (Kumar et al. 2004) to calculate the relative
frequencies of synonymous (dS) and nonsynonymous (dN)
substitution by the method of Nei & Gojobori (1986) with
Jukes & Cantor (1969) correction for multiple substitutions.
Standard errors were estimated by bootstrapping with
1000 replicates. ABS sites were identified, based on data
for the human DRB molecule (Brown et al. 1993), at amino
acids 26, 28, 30, 32, 37, 38, 47, 56, 58, 60, 61, 65, 68,70, 71, 74,
78. The probability that dN = dS was determined with a
Z-test (Nei & Kumar 2000) for ABS and non-ABS sites,
separately.

More sophisticated analyses of selection on MHC genes
over the evolutionary history of the species were performed
by likelihood-ratio modelling, using CodeML, from the
pAML 3.15 program suite (Yang 1997). We used maximum-
likelihood models accounting for heterogeneity in site
partitions using different ® (= dN/dS) parameters for the
partitions. We used random-site models (Yang et al. 2000)
assuming several heterogeneous site classes with different
o parameters without prior knowledge of the class to which
each site belonged (see also Bryja et al. 2006). We used the
MO, M1a, M2a, M3, M7, and M8 models (Yang et al. 2000;
details concerning models M1a and M2a in Yang et al. 2005).
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We carried out three likelihood-ratio tests comparing
nested models (MO vs. M3, M1a vs. M2a, and M7 vs. M8),
in which the alternative models (M2a, M3, and M8) suggest
the presence of sites with ®> 1. All three tests may therefore
be considered tests for positive selection (Yang et al. 2000).
Posterior probabilities for site classes were calculated by the
Bayes empirical Bayes (BEB) method in models M2a and
MS. If the posterior means of o for some site classes are > 1,
the sites concerned are probably under diversifying selec-
tion (Yang et al. 2005).

Population genetic data analysis

A model-based approach was used to determine whether
the 17 microsatellite loci used were really neutral —, i.e. not
affected by selection. We used Fp1sT 2 (Beaumont & Balding
2004) to perform coalescent simulations, using a symmetric
island model of population structure and an infinite alleles
mutation model. Sample sizes were set to the median and
median estimates of Fq for each data set corresponding to
a particular year were used to simulate the data. Coalescent
simulations were performed to generate 50 000 paired
values of Fg; and heterozygosity, and these results were
used to calculate the 0.975, 0.500 and 0.025 quantiles of the
distribution of F¢; as a function of heterozygosity (Beaumont
& Nichols 1996). Loci with unusually high or low Fgp
estimates are regarded as potentially under selection. We
identified one microsatellite locus in 2001 and two loci in
2002 and 2003 as significant outliers. However, the values
for these loci were very close to 0.025 quantile of the Fg;
distribution, and we therefore considered them neutral for
all analyses (Fig. 1).

The method described by Beaumont & Nichols (1996)
detects outlier loci with unusually high global Fg; values,
but pairwise comparisons of populations are more likely
to be efficient in conditions of selection acting at a local
scale (Vitalis et al. 2001). We therefore carried out pairwise
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analyses between all the populations for the same year,
using DETSEL 1.0 (Vitalis et al. 2002). For each pair of popu-
lations (i, j), and for all loci, we calculated F; and F]- and
generated the expected joint distribution of F; and F]- by
performing 10 000 coalescent simulations for a given set of
nuisance parameter values (N, = 500, u = 0.0015, N, = 10 000,
T, = 10). A scatter plot of the observed data points (i.e. pairs
of F;and F]- values) was superimposed over an outline of the
95% probability region for identifying outlier loci (Vitalis
etal. 2001). These pairwise analyses frequently detected
three microsatellite loci as lying outside the calculated
distribution: AT23 (in 31 of 63 pairwise analyses), AT24 (in
15), and AT3 (in 20). Based on these tests, we decided to
exclude these loci from subsequent comparisons of neutral
and MHC marker variability.

Genotypic linkage disequilibrium between 14 neutral
microsatellite loci, DQA1, and DRB was tested for each
sampling site and for each year, by exact tests, using the
Markov chain methods in GENEroP 3.3 (Raymond & Rous-
set 1995). We corrected for multiple testing using the false
discovery rate (FDR) approach, as described by Benjamini
& Hochberg (1995).

Deviations from Hardy—Weinberg proportions were
quantified for each population, site, year, and marker by the
unbiased Wright inbreeding coefficient Fig, estimated as
described by Weir & Cockerham (1984) using GENETIX 4.03
(Belkhir et al. 2001). We assessed the significance of the
deviation from zero of the Fig estimate by 1000 permutations
in the same program. The effects of the type of the marker
(microsatellite, DQA1 and DRB), and locus (nested in the
type of the marker) on the arcsin-transformed Fig estimates
were analysed using general linear models with a normal
error structure in JMp 3.2 (SAS Institute). The Tukey-Kramer
HSD test was used for post hoc comparisons of parameter
means when main effects were significant.

Excess heterozygosity with respect to that expected at
mutation-drift equilibrium for the number of alleles
present may indicate a genetic bottleneck or balancing
selection (Cornuet & Luikart 1996). We estimated the
deviation of gene diversity from mutation-drift equilib-
rium at the local scale, using BOTTLENECK 1.2.02 (Piry et al.
1999), with a generalized mutation model (GSM) used for
microsatellites (as the most appropriate; Estoup et al. 2001)
and an infinite alleles mutation model (IAM) used for
DQAT1 and DRB.

The genetic differentiation between sampling sites was
quantified, for each sampling session and marker type, by
calculating pairwise estimators of Fg, as described by Weir
& Cockerham (1984), in rsTaT. We identified 95% confidence
intervals of neutral’ Fg; by bootstrapping over 14 micro-
satellite loci in FSTAT. Fg; estimates derived from genes
under balancing selection should be relatively independent
of population size, whereas microsatellites display a signifi-
cant decrease in Fg; with increasing density (Berthier et al.

2006). We therefore investigated the decrease in Fg; over
time, based on 14 microsatellites, DQA1 and DRB, between
pairs of sampling sessions, using one-sided permutation
tests implemented in FsTAT. Isolation by distance was ana-
lysed, for each sampling session and marker type, by
regressing pairwise estimates of Fg;/(1 - Fgy) against In-dis-
tance between sampling sites (Rousset 1997). Mantel tests
were used to test the correlation between matrices of
genetic differentiation and Euclidean distances between
sampling sites, by 5000 permutations in GENEPOP. We also
calculated confidence intervals for slope of the regression
line, based on 14 microsatellites, by bootstrapping over loci
to obtain approximate bootstrap confidence intervals (ABC
intervals, Di Ciccio & Efron 1996).

There are two possible sources of bias in comparisons
of genetic differentiation between populations based on
microsatellites and MHC genes. First, null alleles (NA) are
known to overestimate the genetic differentiation between
populations. We corrected for this effect, using a method
implemented in FREENA (available from http://www.montpe
llier.inra.fr/URLB) for estimating Fgp at a locus thought to
present NA. This method efficiently corrects Fg; estimates
for the positive bias introduced by the presence of NA
(Chapuis & Estoup 2007). Second, it is often difficult to
interpret genetic differentiation values because of their
dependence on the level of genetic variation at particular
loci. We thus used a standardized measure of genetic
differentiation, as proposed by Hedrick (2005), bringing
values into the same range (0-1) for all levels of genetic
variation. The standardized estimator was calculated by
dividing the estimated value by the maximum value
obtained (using RECODEDATA freely available from http://
www.bentleydrummer.nl/software). F¢; estimates corrected
for the presence of NA Fgr .. and for the level of genetic
variation Fip were used for subsequent analyses of isolation
by distance, as described above.

Finally, we evaluated the presence and intensity of
contemporary selection on MHC genes, using coalescent
simulations in FDIST 2 and DETSEL, as described above. Both
analyses included data on 14 neutral microsatellites, DQA1
and DRB and were performed separately for each year.
Loci detected as outliers in these analyses are usually
considered to be affected by selection.

Results

Variation of DRB sequences and historical selection

By cloning and sequencing cDNAs from seven populations
of water voles from the canton of Nozeroy, we identified 16
transcribed alleles of exon 2 of the DRB gene that could be
translated to give unique amino-acid sequences (Fig. 2).
In 16 sequences, 46 of the 171 nucleotide positions were
variable, with 38 of these positions minimally informative.
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Fig.2 Alignment of 16 expressed amino-
acid sequences (corresponding to amino-acid

Arte-DRB*07 ........ Y.o.o.... Fuovvinnn. Hoo'onn.. GI..N...R.EL..RT..A...V .
Arte-DRB*08 ....Y....F..... Y.o.o... E...Y........ RS...W..Q..V..R....I..V residues 22-78 from Brown ef al. 1993) of the
Arte-DRB*09 ... ... D.YFF. .. .Y+ o oo GI..NL..Q..I..RL...... v partial DRB exon 2 from water voles. Dots
Arte-DRB*10 ...... D.Y.H.Q..F......... Ho....... GI...W..Q..I..R...A.. indicate identity with the nucleotide sequence
Arte-DRB*1l ....Y...V.H....Y......... Yoot GI...L...... M. A.. of Arte-DRB*06. Asterisks identify sites in
Arte-DRB*12 ...... D.Y.H.Q..FM........ Hoo'onn.. GI...W..Q..I..R...A.. the putative peptide-bindine resion of the
Arte-DRB*13  ....L.D.YFF.Q..YL..unoueeneanennnnn.. Yoo .. M.DR..A. ... p pep & Ieg
Arte-DRB*14 ....Y....... Loveenennnnn. Yo W..... A..R...A...V human DRB molecule (according to Brown
Arte-DRB*15 ....L.D.V...... Yo RS...R...... I..L..S.. et al. 1993).
Arte-DRB*16 ...... E.YF..... Yoo Y.E...... GI..NL..R.EL....... I.
Arte-DRB*17 ....Y....... P Yoo, GI...W..... A..R...A...V
Arte-DRB*18 ...... D.YFF....Y......... Yoo, RS...W..Q.EL..NR...... v
ATEE-DRB¥L19 ... Lie ettt ettt e e e e e e e I..F
Arte-DRB*20 ...... D.Y.H.Q..F......... Hooooo... GI...W..Q.EL..R...A..
Arte-DRB*21 . ...L.D.YFF.Q..Y. . @i, Yo.o.... M.DR..A..
Table 1 Results of maximum-likelihood
Positively models for exon 2 of the DRB gene in water
Model code P Likelihood Parameter estimates selected sites voles
MO (one ratio) 1 -858.410 w=1.782 None
Mla (nearly neutral) 1 -800.013 p0 =0.598 (p1 = 0.402) Not allowed
M2a (positive selection) 3 -782.798 p0=0.524, p1 =0.123 26,28, 32,37,47, 56,
(p2=0353), w2 =8274  57,61,64,67,70,71,
74,75,78
M3 (discrete) 5 -767.079 p0 = 0.605, p1 = 0.360 Not analysed
(p2=0.035), w0 =0.092,
w1l =9.651, w2 = 18.297
M?7 (beta) 2 -800.186 p =0.016, q = 0.021 Not allowed
M8 (beta and omega) 4 -782.741 p0 = 0.642 (p1 = 0.358), 26, 28, 30, 31, 32, 34,

p = 0.005, q = 0.020,
w =8.934

37,47, 56, 57, 60, 61,
64, 67,68, 70,71, 74,
75,78

An alignment of 16 DRB sequences (171 bp) from water vole was used as the input for
CodeML (included in the pAML 3.14 program suite). P is the number of parameters in the ®
distribution, o is the selection parameter and p,, is the proportion of sites falling into the m,
site class. For models M7 and M8, p and q are the shape parameters of the § function.
Positively selected sites were identified in models M2a and M8 by the Bayes empirical Bayes
procedure (Yang et al. 2005). Sites inferred under selection at the 99% level are listed in bold,

and those inferred at the 95% level are shown in italics.

No insertions or deletions (indels) were detected. Pair-
wise divergences ranged from 0.6 to 16.9% nucleotide
substitutions. The hypothesis that dN = dS was significantly
rejected by the Z-test for ABS (Z = 4.51, P < 0.0001) while it
was not true for non-ABS (Z = 1.82, P = 0.07). The ratio of
nonsynonymous to synonymous substitutions was markedly
higher at the ABS (dN =0.42 +0.09 vs. dS=0.08 +0.02)
than at non-ABS (AN =0.06 +0.02 vs. dS=0.02 +0.02),
suggesting intensive positive selection on ABS.

Maximum likelihood-based random-site models applied
to the 171 bp fragment of exon 2 of DRB provided additional
evidence of historical positive selection acting on the DRB
gene (Table 1). Models allowing for the inclusion of positive
selection — M2a, M3 and M8 — fitted the data significantly
better than simpler models —M1a, M0 and M7 (P < 0.001 in
all three likelihood-ratio tests). BEB procedures demonstrated
that selection pressure on different sites in exon 2 was highly
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variable and identified 15 or 20 sites under positive selection,
using models M2a and M8, respectively. The sites under
positive selection almost matched the ABS in the human
DRB molecule.

Neutral and MHC marker variation within populations

No clear evidence of linkage disequilibrium between any
of the 16 loci analysed (14 microsatellites, DQA1 and
DRB)was found. However, 13 (0.516%) of 2520 pairwise
comparisons (120 pairs of loci x 21 pops) remained
significant after FDR correction. If these significant
comparisons corresponded to stochastic (random) events,
0.516% of the 120 pairs of loci would correspond to 0.6
cases. Nevertheless, four of the 13 significant comparisons
were between DQA1 and DRB, suggesting linkage between
these two genes.
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Table 2 Estimates of Fig and the probabilities associated with rejection of the mutation-drift equilibrium hypothesis (Wilcoxon test) in
BOTTLENECK for DQA1, DRB, and 14 microsatellite loci (14MS). F s estimates significantly different from zero (1000 permutations) are shown
in bold. Probability values for the Wilcoxon test — P < 0.05 (in bold) — for DQA1, DRB, and 14 microsatellites suggest excess heterozygosity

due to a demographic bottleneck or balancing selection

Fg Mutation-drift equilibrium
Significant
Year Population N DQA1 DRB MS DQA1 DRB 14MS microsatellite loci
2001 01 27 -0.033 -0.012 0.011 0.129 0.033 0.548 AV3 (P =0.042);
AVM12 (P = 0.011)
02 28 -0.013 -0.070 0.034 0.271 0.000 0.714 AT19 (P = 0.005)
03 22 -0.008 0.295 0.057 0.024 0.019 0.042 AT9 (P =0.021);
AV11 (P =0.017);
AVMO (P = 0.046)
04 15 -0.268 -0.022 -0.059 0.353 0.144 0.024
05 27 -0.068 0.250 -0.010 0.020 0.265 0.749 AT2 (P = 0.019);
AV3 (P =0.028);
AVMS (P = 0.001)
06 33 -0.023 0.104 -0.009 0.103 0.427 0.583 AT2 (P =0.016)
07 35 0.024 0.231 0.044 0.048 0.418 0.541 AT19 (P = 0.039);
AV10 (P = 0.041)
2002 01 28 -0.022 0.172 0.067 0.015 0.003 0.295
02 26 0.133 0.161 -0.001 0.002 0.291 0.670 AV15 (P =0.013)
03 27 0.149 0.063 0.000 0.066 0.185 0.685 AV3 (P =0.010);
AT13 (P = 0.020);
AT9 (P = 0.048);
04 22 -0.109 0.052 0.016 0.101 0.190 0.903
05 23 0.119 0.303 0.007 0.077 0.027 0.173 AT19 (P = 0.041);
AT25 (P = 0.048);
AVM10 (P = 0.018);
AVMS (P = 0.009)
06 27 0.085 0.248 -0.018 0.001 0.465 0.042 AT13 (P = 0.022)
07 30 0.121 0.277 0.007 0.023 0.279 0.626 AV11 (P = 0.036)
2003 01 34 0.051 0.132 0.017 0.006 0.063 0.626
02 30 -0.065 0.161 -0.004 0.079 0.116 0.267 AT15 (P = 0.030)
03 37 -0.077 -0.106 0.049 0.010 0.347 0.808 AV15 (P =0.046)
04 28 -0.156 0.040 0.019 0.011 0.247 0.626
05 30 -0.146 -0.011 0.006 0.020 0.000 0.217 AV11 (P = 0.046);
AVMO (P = 0.035)
06 25 0.212 0.049 0.008 0.004 0.090 0.058 AV3 (P =0.040)
07 27 0.176 0.021 0.009 0.001 0.456 1.000 AT25 (P = 0.029);

AVMO (P = 0.001)

F,¢ estimates ranged between -0.268 and 0.494. The
variability in F g (Table 2) could be accounted for by the type
of marker (F, 335 = 10.265, P < 104). Post hoc Tukey-Kramer
tests revealed that Fig estimates were significantly higher
at the DRB locus than at microsatellite loci or DQAI,
indicating a heterozygote deficit at the DRB locus. Overall,
these results suggest the presence of null alleles in DRB,
the frequency of which was estimated, with FREENA, to vary
from 0 to 0.13 depending on year and population.

Significant deviations of genetic diversity from mutation-
drift equilibrium were observed in BOTTLENECK tests, for at
least at one locus, in all but one population sample (Table 2).
Overall, DQA1 gave the largest number of significant tests
(13 tests in all years vs. six for DRB and zero to four for

particular microsatellite loci; Fig. 3), and these tests were
generally supported by more significant P values than those
for other loci. The number of significant tests increased over
time for DQA1T and no such pattern was observed for DRB
or microsatellites (Table 2, Fig. 3). We found no consistent
evidence of genetic bottlenecks in our populations when
using data from the whole microsatellite set (only two
tests of borderline significance in 2001 and one in 2002;
Table 2).

Neutral and MHC marker variation between populations

The pattern of population differentiation varied significantly
during the period studied (Table 3). Overall, Fg; estimates
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Fig. 3 Number of statistical tests at individual loci indicating departure from the mutation-drift equilibrium (excess heterozygosity, P < 0.05)
in different years and for all years together.
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Fig. 4 Correlation between genetic Fq/(1 — Fgp) and geographical distance (log scale) for three samplings of MHC and neutral markers:
DQA1 (diamond and solid black line), DRB (square and dashed black line), 14 microsatellites (triangle and solid grey line).

Table 3 Overall Fg; estimates and isolation by distance characteristics — probability (IBD P), correlation coettficient (R), intercept and slope
— calculated for each marker type in 3 years. 95% confidence intervals (CI) for overall F¢; and the slope of the IBD were obtained by
bootstrapping over 14 microsatellite (14MS) loci

Date Genes Overall Fg; (95% CI) IBD P R Intercept Slope [95% CI]

October 2001 14MS 0.034 [0.029; 0.039] 0.1039 0.274 0.004 0.0031 [-0.0024; 0.0114]
DQA1 0.064 0.0022 0.807 -0.597 0.0768
DRB 0.045 0.0458 0.378 -0.132 0.0212

October 2002 14MS 0.024 [0.017; 0.030] 0.0011 0.617 -0.031 0.0065 [0.0032; 0.0104]
DQA1 0.036 0.0086 0.593 -0.346 0.0449
DRB 0.027 0.0536 0.355 -0.080 0.0125

October 2003 14MS 0.015[0.011; 0.020] 0.0221 0.564 —0.054 0.0082 [0.0045; 0.0130]
DQA1 0.009 0.2270 0.123 -0.016 0.0032
DRB 0.023 0.0918 0.378 -0.065 0.0104

based on the 14 microsatellites showed the highest
degree of neutral genetic differentiation and no significant
isolation-by-distance pattern in the first sampling session
(Table 3). Fp estimates decreased significantly in subsequent
years (one-tailed permutation test; 2003 vs. 2001: P = 0.001;
2002 vs. 2001: P = 0.038;2003 vs. 2002: P = 0.073), indicating
an increase in effective migration between sites with
increasing density.

An overall decrease in differentiation between demes
over time was also observed for both MHC genes (Table 3).
One-tailed permutation tests confirmed that the decrease in
Fgp estimates between 2001 and 2003 was significant for
DQA1 (P =0.018), but not for DRB (P = 0.079). In the first
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sampling session, when populations were geographically
isolated, both overall differentiation and isolation-by-distance
were more pronounced at MHC genes than at neutral
markers (Table 3, Fig. 4). Fg; estimates and estimates of the
slope of the isolation-by-distance regression line for DQA1
and DRB exceeded the upper limit of the 95% confidence
intervals estimated for neutral markers (Table 3). These
differences between MHC and neutral markers gradually
disappeared over the next few years, with the increase in
population density (Fig. 4). In the year in which population
density was highest (2003), the overall Fg; value and slope
estimate were significantly lower for DQA1 than for neutral
markers (Table 3).
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Fig. 5 Expected distribution of pairs of F; and F values estimated from 14 microsatellites and two MHC loci for pairwise comparisons of
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Corrected estimates of Fqp provided, in essence, very
similar results, and did not call into question the result
obtained with uncorrected estimates. First, correction for
the presence of null alleles at the DRB locus gave estimates
very similar to those obtained with standard estimators
(2001: Fg;=0.045 vs. Fgp, = 0.043; 2002: Fg; = 0.027 vs.
Fapea = 0.026; 2003: Fg = 0.023 vs. Fp, . = 0.024). Isolation-
by-distance parameters were also almost identical (not
shown). Second, although the absolute estimated values
of FS’T were different from those of Fyp estimators, the
differences between MHC genes and microsatellites
remained very similar and were of identical statistical
significance (see Table S1 and Fig. S1, Supplementary
material).

Model-based simulations in Fp1sT2 identified no MHC
gene as an outlier in any of the studied years, suggesting the
absence of a global effect of selection on Fqy at these loci (not
shown). However, in seven pairwise comparisons of the 63
carried out with DETSEL the DQA1 gene was found to lie
significantly outside the 95% confidence interval. All seven

pairs (four in 2001, three in 2002, and none in 2003) included
population 07 (Fig. 5). DRB lay slightly outside the 95%
confidence interval in only two pairwise comparisons in
2001 and one in 2002 (Fig. 5 — only pairs with population 07
are shown).

Discussion

Evidence for historical selection acting on DQA1 and DRB

Major histocompatibility complex genes encode proteins
with an important function in the immune response and
these genes have been subject to natural selection during
the evolution of species (Bernatchez & Landry 2003).
Unsurprisingly, both DQA1 and DRB in water voles show
an excess of nonsynonymous nucleotide substitutions in
the ABS and extensive trans-species evolution has been
observed within the family (Bryja etal. 2006; Oliver &
Piertney 2006; this study). However, these signs of selection
do not necessarily mean that selective forces act on
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contemporary populations because (i) the accumulation of
a significant nonsynonymous to synonymous substitution
ratio takes a long time, and (ii) once this signal has been
generated, it may take a very long time to disappear in the
absence of selection (Garrigan & Hedrick 2003). Nevertheless,
our findings provide evidence that selection has played an
important role in the history of both the MHC genes
studied, and we therefore looked for signs and mechanisms
of recent selection.

Contemporary selection on MHC and the interplay
between immigration and selection

There is evidence to suggest that MHC genes evolve by
mechanisms including spatial and temporal fluctuations in
selection (Charbonnel & Pemberton 2005). For example, in
salmonid fishes, greater population differentiation has
often been observed at MHC loci than at neutral loci,
indicating a lower effective migration rate at MHC, with
particular subset of alleles locally favoured but showing
limited success at invading other populations (reviewed in
Bernatchez & Landry 2003). This pattern was found to be
geographically limited to only a portion of the populations
studied, suggesting spatial variations in the intensity of
selection pressure (Landry & Bernatchez 2001; Miller et al.
2001; Aguilar & Garza 2006).

In line with these studies, we provide here the first evi-
dence of spatial and temporal variations in the interplay
between immigration and selection acting on MHC genes
inmammals. Atlow densities, when fragmented populations
occurred only in restricted patches, significantly higher
levels of genetic differentiation between demes were
detected at MHC genes than at neutral markers. This obser-
vation provides evidence of contemporary diversifying
selection acting on MHC loci. A detailed examination of the
data provided even stronger support for the action of local
selection, as it revealed that only one of the seven popula-
tions was affected by selection at the DQAI gene. With
increasing density, gene flow increased for both neutral and
MHC genes and the spatial genetic structuring of both
types of markers decreased. Nevertheless, once high levels
of gene flow between demes were re-established, we again
detected significant differences between the patterns of
genetic structure observed at neutral and MHC genes.
Allele frequencies at the DQAT locus were more similar
than those at neutral loci, and the spatial structure of the
genetic variation became significantly more homogeneous
at DQA1 than at neutral genes. Both these observations sug-
gest that balancing selection acted on DQAT1 gene.

Locus-specific selection and necessity of multigene studies

We show here that selection can affect genetic diversity
more strongly for one MHC gene than for another. Signs of

© 2007 The Authors
Journal compilation © 2007 Blackwell Publishing Ltd

local diversifying selection in fragmented water vole
populations and balancing selection in continuous
populations were more marked for DQA1 than for DRB,
suggesting that different contemporary selection pressures
act on these two MHC loci. Different antigens interact with
different immune receptors, and this pattern is therefore not
unexpected. Unfortunately, very little is known about
recent selection on more than one MHC locus in wild
vertebrates and almost no data are available for other
important immune system genes (Acevedo-Whitehouse
& Cunningham 2006).

It is generally assumed that most MHC genes are located
very close to each other on the chromosome (forming a
‘complex’). However, almost no information is available
concerning the physical position of MHC genes in wild ver-
tebrates. In rodents, the precise position of class II genes on
the chromosome is known only for the laboratory mouse
(Blake et al. 2003) and rat (Hurt ef al. 2004), in which the
DQA gene is tightly linked to the DRBI and DRB2 genes.
The situation may be different in water voles, which are
known to have two functional DQA genes (Bryja et al. 2006)
and the only DRB gene is amplified (this study). The very
weak linkage disequilibrium observed between DQA1 and
DRB and the differences in selection pressure on the two
genes studied may have several different origins. First, the
DQA1 gene may be located far from DRB and DQA?2 on the
chromosome. Second, some populations display a hetero-
zygote deficit for DRB, suggesting the presence of null
alleles, which may mask the linkage disequilibrium signal.
Third, an increasing number of studies in nonmodel verte-
brates have shown that recombination is common within
the MHC locus (e.g. Richman et al. 2003; Schaschl et al.
2005). High-resolution linkage disequilibrium analysis
coupled with sperm typing has shown that recombination
hot spots can profoundly affect linkage disequilibrium in
the MHC class II region in the human and mouse genomes
(Jeffreys et al. 2001; Kauppi et al. 2004). High-resolution
sperm analysis has also provided clear evidence for the
presence of a hot spot within the EB gene, which lies
between the DQA1 and DRB1 homologues in mouse (Yauk
etal. 2003). Selection favouring new recombinants may
therefore conceal linkage between physically close genes.
Although we studied only two genes of the immune system
in this study, our results clearly indicate that multigene
studies focusing on various components of the immune
system are required to understand the importance and
function of immunity in population dynamics.

Comparing different genetic markers for the detection of
contemporary selection: pitfalls and solutions

Microsatellites are often used as ‘neutral’ controls in various
tests of contemporary selection. However, theoretically, there
are many reasons to doubt the neutrality of a particular
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microsatellite, even if we assume that the evolution of
microsatellite loci as a whole is not subject to selection. For
instance, microsatellites may ‘hitchhike’ with a linked gene
evolving under selection (e.g. Kohn et al. 2000). In the few
empirical studies that have tested the assumption of neutrality
for microsatellites, selection signatures were detected in a
non-negligible proportion of loci: from a few to 27% in
various vertebrates (Vasemaégi et al. 2005; Nielsen et al. 2006;
Larsson et al. 2007). In our study, 17% of 17 loci were
suspected to be non-neutral. Although rarely tested, selection
at individual microsatellites or closely linked loci may be
more common than generally recognized.

The effect of contemporary balancing selection on MHC
genes within populations is often assessed with the
Ewens—Watterson (EW; Ewens 1972; Watterson 1978) test of
neutrality However, significant deviations from mutation-
drift equilibrium due to excess heterozygosity (assessed
with the EW test) may result not only from balancing
selection, but also from demographic bottlenecks (Cornuet
& Luikart 1996). It is therefore essential to compare neutral
and presumably selected loci to separate demographic from
selective causes of mutation-drift disequilibrium. However,
EW tests are not suitable for microsatellites because they
infer an IJAM mutation model, which is not the most likely
model for microsatellites (Estoup et al. 2001). Alternatively,
the tests implemented in BOTTLENECK software (Piry et al.
1999) could be used, considering particular mutation
models for different types of loci.

When estimating genetic differentiation between popula-
tions using different types of markers, it is necessary to control
for two potential biases in Fg estimation. First, a major
drawback of previous studies comparing the population-
genetic structure of MHC genes and microsatellites is the
strong dependence of F¢; on the level of within-population
heterozygosity. Highly variable markers tend to have lower
Fgp values than less variable markers (Hedrick 2005). It is
therefore difficult to differentiate between marker vari-
ability and actual variations in gene flow with this approach.
Hedrick (2005) overcame this problem by developing a
genetic differentiation measure that is standardized by
dividing by the maximum possible between-population
differentiation given the level of heterozygosity. This
measure should now be used in place of Fg; in all studies
aiming to compare levels of genetic differentiation at
different markers.

Second, null alleles (NA) can occur at MHC loci, because
primers are often designed within exons, allowing the gen-
otyping of both genomic DNA and cDNA by the same PCR
protocol. However, the most frequently analysed exon of
MHC class II genes, exon 2, is the most variable part of the
gene and a single set of primers within the exon is therefore
highly unlikely to amplify all alleles. As NA overestimates
Fgp values, the correction for NA (e.g. by the method pro-
posed recently by Chapuis & Estoup 2007) should give a

minimal estimate of the Fq; for these loci. We can then con-
fidently state that the ‘true’ Fq; value should lie between
a maximum estimated with the uncorrected Fq; and a
minimum estimated with the corrected Fq. However, the
application of NA correction to genes potentially under
selection still remains problematic because we cannot
determine in advance whether the heterozygote deficit is
linked to NA, selection, or both.

Parasitism as the potential mechanism driving the
contemporary selection of MHC genes

Several factors potentially drive the evolution of MHC
genes, including infectious agents and mating system
(Apanius et al. 1997). Only the effects of pathogens are likely
to vary both over time and between populations, either
directly due to variations in the prevalence and community
structure of parasites (e.g. in cyclic voles; Sinervo et al. 2000)
or indirectly, because the fitness costs of infection may vary
with resource availability (e.g. in birds; Holmstad et al.
2005). There is evidence that the composition of the vole
parasite community in the study area varies (Deter et al.
2006, 2007; Cerqueira et al. 2007), and this heterogeneity of
pathogen-induced selection may account for the different
types of selection found to be operating on MHC genes
during changes in population density.

In 2001, the higher levels of genetic differentiation
observed at MHC genes than at microsatellites were
mostly accounted for by a single site (population 07) where
different genotypes were detected. Selection in this area,
mostly during the low-abundance phase of the vole cycle may
support this pattern. Local differences in the structure of
parasite communities due to habitat specificity or extinction—
recolonization processes may mediate this selection. In
contrast, at high density (2003), some kind of balancing
selection was detected at DQAI, suggesting that parasite-
mediated selection was equivalent at the seven sites. The
increase in effective migration during the phase of population
growth in the vole cycle (Berthier et al. 2006) was probably
the main factor leading to homogenization of the parasite
community and its prevalence. Investigations of the repeat-
ability of these results for the prevalence and structure of
the parasite community in these vole populations, over
different demographic cycles, are now required to confirm
this hypothesis.
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