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Abstract Major histocompatibility complex (MHC) genes
play important role in host—parasite interactions and
parasites are crucial factors influencing the population
dynamics of hosts. We described the structure and diversity
of'exon 2 of the MHC class Il DQA gene in three species of
voles (Arvicolinae) exhibiting regular multi-annual fluc-
tuations of population density and analysed the processes
leading to the observed MHC polymorphism. By using
cloning—sequencing methodology and capillary electro-
phoresis-single strand conformation polymorphism, we
described seven sequences in the water, eight in the
common, and seven in the bank voles coming from an area
of 70 km? around the Nozeroy canton in the Jura
Mountains (Franche Comté, France). All exon 2 sequences
translate to give unique amino acid sequences and positive
selection was found to act very intensively on antigen
binding sites. We documented the presence of recombina-
tion at vole DQA region but its importance in generating
allelic polymorphism seems to be relatively limited. For
the first time within rodents, we documented the duplica-
tion of the DOA gene in all three species with both copies
being transcriptionally active. Phylogenetic analysis of
allelic sequences revealed extensive trans-species poly-
morphism within the subfamily although no alleles were
shared between species in our data set. We discuss possible
role of parasites in forming the recent polymorphism
pattern of the DQA locus in voles.
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Introduction

The major histocompatibility complex (MHC) is a family of
highly polymorphic genes occurring in vertebrates and
encoding a set of transmembrane proteins. The function of
these proteins is to present peptides to specific receptors of
T cells of the immune system, thus triggering various
immune responses (Klein 1986; Roitt 1997). The hallmark
of MHC genes is the extremely high degree of polymor-
phism, the extent of which being the highest among all
vertebrate protein-coding loci (Klein 1986). There are
several lines of evidence that polymorphic MHC loci are
subject to balancing selection (see review in Hughes and
Yeager 1998a). In particular, MHC polymorphism is
characterized by a trans-species character mainly observed
for MHC class II loci. Allelic lineages are maintained over
long periods of time, even across speciation events (Klein
1987; Figueroa et al. 1988). Trans-species sharing of MHC
sequences among genera has been supported by observa-
tions in fish (Ottova et al. 2005 and references therein),
rodents (Edwards et al. 1997; Figueroa et al. 1988; Musolf et
al. 2004; Seddon and Baverstock 2000), carnivores (Hedrick
etal. 2000a; Seddon and Ellegren 2002), ungulates (Hedrick
et al. 2000b) and primates (Otting et al. 2002). The pressure
exerted by pathogens is considered the major component of
balancing selection influencing MHC polymorphism. None
of'the other selection pressures proposed for the maintenance
of MHC polymorphism, i.e. kin recognition, inbreeding
avoidance and mate choice (see Apanius et al. (1997) for an
extensive review) have the ubiquitous distribution among
the vertebrate taxa that the parasite-targeted immune
response does (Klein and O’Huigin 1994).

Most of the MHC studies are primarily interested in the
extent of polymorphism within loci. In the MHC, however,
there is substantial amount of polymorphism due to gene
duplication, insertion or deletion. In mammals, the MHC
genes are supposed to evolve by “birth and death” model
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(Nei et al. 1997). Little evidence exists that interlocus gene
conversion plays an important role in the evolution of
mammal MHC (Hughes and Yeager 1998b). Within each
class II region, loci have sometimes duplicated indepen-
dently in different mammalian groups, and half the loci are
functional (Hughes and Nei 1990). Gene duplication plays
a major role in the adaptive evolution of organisms
(Hughes 1994). Exploring the evolutionary history of
MHC and understanding the redundancy of MHC genes is,
thus, very important in evolutionary and ecological studies
using them as genetic markers.

Muridae is the largest mammalian family (Musser and
Carleton 1993). The complete MHC class II region was
sequenced in rats (Giinther and Walter 2001; Hurt et al.
2004) and mice (Blake et al. 2003). The most genetic
variation was assured by homologues of the human DQ
(called RT1.B in rat, H2-A in mouse) and DR (RT1.D in
rat, H2-E in mouse) genes. While genes coding for « chain
of DQ and DR molecules and that for 3 chain of DQ
molecule occur only in single copy, the gene coding for 3
chain of DR is duplicated in both species (but the second
copy is probably pseudogene, at least, in rats; Easterfield et
al. 2003). In other rodent species studied till today, the
structure of DQ and DR regions seem to be similar with a
single copy of the DQA (Pfau et al. 1999; Seddon and
Baverstock 1999; Smulders et al. 2003; Sommer et al.
2002) and DQB (T. Hambuch, unpublished data), and one
(Musolf et al. 2004; Richman et al. 2002; Smulders et al.
2003; Sommer et al. 2002) or two (Sommer et al. 2002)
copies of the DRB gene. The only exception is the genus
Peromyscus, where more than one DQB genes were found
(Richman et al. 2002). Evidence of trans-species persis-
tence of allelic lineages in murids is still ambiguous.
Although the ancestral polymorphism of MHC class 1II
genes was supported by some authors (Edwards et al. 1997;
Figueroa et al. 1988; Musolf et al. 2004; Seddon and
Baverstock 2000), others did not found support for trans-
species persistence of MHC alleles among different murid
taxa (Pfau et al. 1999; Richman et al. 2003a).

In this study, we analysed MHC variation in the
Arvicolinae subfamily as it has not been considered in the
previous analyses although it is a relevant model to provide
insight into the MHC polymorphism. The evolutionary
history of voles is well known through molecular phylog-
eny (Jaarola et al. 2004; Martin et al. 2000). Moreover,
many species of voles exhibit regular fluctuations in
population density (Butet and Spitz 2001). MHC genes
are likely to be involved in these demographic fluctuations
through their potential influence on reproduction (e.g. in
humans Gill 1992; Sauermann et al. 2001) and immunity,
with host—pathogen interactions being a possible cause of
vole cycles (e.g. Cavanagh et al. 2004). The objectives of
this study were (1) to describe the structure of MHC-DQA4
diversity in the water vole Arvicola terrestris, which
exhibits multi-annual regular cycles in the East of France
(Berthier et al. 2005), and (2) to reconstruct the evolution of
MHC-DQA loci; first, by examining allelic diversity and
duplication events in three species of voles and, second, by
comparison with homologous sequences of other rodents.

Materials and methods
Animals

We analysed the MHC class II gene DQA in three species
of voles coming from the Jura Mountains (Franche Comté,
France). The study area covers about 70 km?® around the
Nozeroy canton (46°48" N, 6°02" E). Common voles
(Microtus arvalis) and bank voles (Clethrionomys glare-
olus) were collected in two close localities while water
voles (4. terrestris) came from five different localities
covering the whole area. The animals were live-trapped
using INRA traps for M. arvalis and C. glareolus and BTS
traps for A. terrestris. The end of the tail or one finger was
fixed in 95% ethanol as material for DNA extraction.
Approximately 10 individuals per species were killed by
cervical dislocation and the spleen was placed in TRIzol
(Invitrogen) or RNAlater (Ambion) for analyses of MHC
expression on RNA level.

DNA extraction and PCR

Genomic DNA was extracted from tail or finger tissues by
DNeasy Tissue Kit (Qiagen). DNA was extracted accord-
ing to manufacturer’s instructions and finally eluted by
400 pl of AE buffer. We amplified the complete exon 2 of
the DOA (RT1.Ba) homologue of the MHC class II. The
primers RT1.Ba 390C and RT1.Ba 619NC were taken from
Seddon and Baverstock (1998) and the amplifications
(marked as PCR 1) were performed in the following
conditions: 2.5 mM MgCl,, 0.1 uM of each primer,
100 uM dNTPs, 0.1 U Taq polymerase (Qiagen) in
appropriate 1x polymerase chain reaction (PCR) buffer and
1 pl of extracted DNA. Deionised water was added to a
10-ul reaction volume. The thermal profile started with
initial denaturation at 94°C (2 min) followed by 30 cycles
of denaturation at 92°C (10 s), annealing at 52°C (10 s) and
extension at 72°C (1 min) and final extension at 72°C for
10 min. The PCR amplifications were performed in the
PTC-100 PCR thermocycler (MJ Research). Every ampli-
fication reaction gave a single band of approximately
280 bp. By cloning and sequencing of cDNA (see below),
we found that used primer pair did not sufficiently amplify
two additional sequences; more specifically, these two
sequences were amplified only in the absence of other
sequences. Therefore, the second PCR (i.e. PCR 2) was
performed. In this PCR, we amplified a specific DOA band
of approximately 300 bp only in animals bearing one or
both of these two sequences (no product was detected for
alleles well amplified in PCR 1) with modified forward
primer (DQAintronl-F: 5-CCACCATCCACCTAAATT
CCTCAG-3') and reverse primer RT1.Ba 619NC (Seddon
and Baverstock 1998) by using almost the same protocol as
in PCR 1 (the only difference was annealing for 30 s at
50°C). This amplification also gave a non-specific band of
approximately 340 bp that served as a control of successful
amplification. Thus, the genotyping of the exon 2 of the
DQA gene was based on two PCR amplifications and



subsequent two analyses of single strand conformation
polymorphism (SSCP) in a capillary.

Capillary electrophoresis-single strand conformation
polymorphism

The exon 2 of the DOA locus was amplified in two PCRs
by using fluorescently labelled primers (forward by 6'-
FAM and reverse by HEX) and protocols described above.
We checked the successful PCR by electrophoresis on
ethidium-bromide-stained agarose gel and then performed
single strand conformation polymorphism analysis of PCR
products by capillary electrophoresis (CE) on MegaBACE
1000 DNA Analysis System (Amersham Biosciences),
which was equipped with 96 coated capillaries (for details,
see Bryja et al. 2005). In brief, PCR products were 20 times
diluted by TrisCl, pH 8.5, mixed with 0.25 pl of ROX-
labelled internal marker MegaBACE ET 400-R Size
Standard (Amersham Biosciences) to a final volume of
10 pl, denatured by 2 min in 95°C in PCR machine and,
after snap-cooling on ice, injected to the capillaries. We
used 3% MegaBACE non-denaturing Long Read Matrix
(Amersham Biosciences) as a sieving matrix and Mega-
BACE 1x Running Buffer (Amersham Biosciences)
supplied with 10% glycerol was used as a running buffer.
The raw data were exported in text format and different
runs were aligned and peaks were detected in the software
QUISCA (Higasa et al. 2002).

Cloning and sequencing

We selected 10 water voles with diverse SSCP patterns to
obtain the sequences of the DQOA exon 2. The DQOA gene
was amplified as described above, but using non-labelled
primers. The PCR products were purified by the QIAquick
PCR purification kit (Qiagen), ligated to vectors and
transformed to bacteria using pGEM-T Vector System 11
(Promega). Positive transformants containing insert of
approximate length were identified by PCR screening and
agarose electrophoresis. We subsequently isolated 10
clones for each presumable heterozygote (more than one
peak in at least one colour in CE-SSCP pattern) and eight
clones for each presumable homozygote (one peak in both
FAM and HEX in CE-SSCP). The plasmid DNA was
extracted by QIAprep Spin Miniprep Kit (Qiagen) and
insert was sequenced by using DYEnamic ET Terminator
Cycle Sequencing Kit (Amersham Biosciences) and primer
SP6. Sequences were obtained on MegaBACE 1000 DNA
Analysis System (Amersham Biosciences).

c¢DNA synthesis and analysis

Total RNA was extracted from TRIzol (Invitrogen) or
RNAlater (Ambion) preserved samples (six water, four
common and four bank voles) by using TRIzol/chloroform
extraction. RNA was then precipitated by isopropanol,
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washed by 75% ethanol, and resuspended in 20 pl RNase-
free water. We used 1 pl of extracted RNA for reverse
transcription in a 20-ul reaction using the following
conditions: 1 ul oligo(dT);g (500 pg/ml), 1 pl dNTPs
(10 mM), 4 ul RTS5x buffer (Invitrogen), 2 ul DTT
(0.1 M), 1 ul RNase OUT (40 U/ul) and 1 ul M-MLV
reverse transcriptase (Invitrogen). Total cDNA was diluted
100 times before subsequent specific PCR amplification.
Complete exon 2 of the DQA gene was amplified using
primers At-cDNA-DQAex2-F (5-TGTGGAGGTCAA
GACGACAT-3") and At-cDNA-DQAex2-395-R (5'-
AAAGCAGATGAGGGTGTTGG-3") designed on the
basis of homology with rat cDNA. The primer sequences
are located within exon 1 or exon 3, respectively, thus
avoiding possible amplification of contaminating genomic
DNA. PCR amplification was performed in a 50-ul volume
using the following conditions: 0.1 uM of each primer, 1%
PCR buffer, 2.5 mM MgCl,, 0.1 mM dNTPs and 0.1 U of
Taq polymerase (Qiagen). The PCR products were
purified, cloned and sequenced in the same way as
described above.

Sequence analysis

The sequences were edited and aligned in BioEdit
Sequence Alignment Editor (Hall 1999) using ClustalW
Multiple Alignment. Previous analysis yielded that rela-
tively high proportion of obtained sequences could be
artefacts of PCR amplifications (Bryja et al. 2005). We
considered a new sequence variant as a new allele only
when it met the criteria summarised by Kennedy et al.
(2002). The criteria are, that when using DNA cloning and
sequencing, there have to be at least three identical clones,
identified in either two separate PCRs from the same
individual or from PCRs from at least two different
individuals. Nomenclature of the water vole (Arte-DQA),
common vole (Miar-DQA) and bank vole (Clgl-DQA)
sequences follows Klein et al. (1990). The sequences of
complete exon 2 of three vole species are available in
GenBank under the following accession numbers:
DQ137805-DQ137826.

The published sequences of the entire exon 2 of the
MHC Class II gene DQA for six other rodents of the
Muridae family were used for comparative and phyloge-
netic analyses (used abbreviations and GeneBank acces-
sion numbers in parentheses): five Murinae, Rattus tunneyi
tunneyi (Rtt, AF041070), Rattus leucopus cooktownensis
(Rle, AF145094), Rattus villosissimus (Rv, AF145096),
Rattus norvegicus (Rano, AJ554214, L11340, M22366,
X14879) and Mus musculus (Mumu, K01924 and K01926)
and one Sigmodontinae, Peromyscus leucopus (Pele,
U34805). Human Homo sapiens (Human M17236),
sheep Ovis aries (OvArl, M33304; OvAr2, M33305) and
pig Sus scrofa (PigM29938) sequences were used as the
outgroups in phylogenetic analysis. Moreover, phyloge-
netic analyses were also performed on shorter sequences
(212 bp, nucleotide positions 20 to 232) to include data
from another Sigmodontinae species, the cotton rat,
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Sigmodon hispidus, as published by Pfau et al. (1999). As
this did not change the results on voles, only analyses on
sequences of complete exon 2 are presented thereafter.

Molecular evolutionary analyses were conducted using
MEGA version 3.0 (Kumar et al. 2004) to calculate relative
frequencies of synonymous (dS) and nonsynonymous (dN)
substitution by the method of Nei and Gojobori (1986) with
the Jukes and Cantor (1969) correction for multiple
substitutions. Amino acid positions involved in peptide
binding were identified by comparison with the crystal
structure of murine class I molecules I-A* (Fremont et al.
1998), I-A¢ (Scott et al. 1998) and I-A&’ (Latek et al. 2000).
The structure of described protein alleles slightly differs
and, finally, we decided to take into account amino acids
number 11, 22,24, 32,52, 53,54, 55,58, 61, 62, 65, 66, 68,
69, 72, 73 and 76, i.e. the residues that are referred as
antigen binding sites (ABS) in at least two of the above
studies (numbering of amino acid residues is according to
Brown et al. 1993).

More rigorous analyses of selection were performed
using likelihood ratio modelling in the program CodeML,
which is contained in the PAML 3.14 program suite (Yang
1997). We used maximum likelihood models which
account for the heterogeneity among site partitions by
using different w (=dN/dS) parameters for the partitions.
We used the random-sites models (Yang et al. 2000)
assuming several heterogeneous site classes with different
w parameter without a priori knowledge which class each
site is from. The models implemented in this study are MO,
Mla, M2a, M3, M7, and M8 (Yang et al. 2000, details on
models M1a and M2a in Yang et al. 2005). The one-ratio
model, MO, assumes a single w ratio for all codon sites.
Model M1a (NearlyNeutral) assumes two classes of sites in
the protein: the conserved sites under purifying selection at
which 0<w(<1 (and their proportion py) and selectively
neutral sites at which w;=1 (and their proportion p;). Model
M2a (PositiveSelection) adds a third class of sites with w as
free parameter, thus allowing for sites with w>1. Model M3
(discrete) uses a general discrete distribution with three site

classes, with the proportions (py, p; and p,) and the w ratios
(wg, w1 and w») estimated from the data. Model M7 (3
model) is based on the 3 distributions and allows the w ratio
to take values of between zero and unity. Finally, model M8
(B and w) adds an extra class of sites to the M7, with the
proportion and the w ratio estimated from the data, thus
allowing for sites with w>1. The likelihood ratio test
statistics for comparing nested models are calculated as
follows: 2(Ly—L,) is compared with y? distribution with
Py,—P, degrees of freedom, where L, and L, are log-
likelihood values and P, and P, are the number of
parameters for each of the models being compared. By
the LRTs we compared MO with M3, M1a with M2a, and
M7 with M8, respectively. When the alternative models
(M2a, M3 and M8) suggest the presence of sites with w>1,
all three tests can be considered tests of positive selection
(Yang et al. 2000). Posterior probabilities for site classes
have been calculated by Bayes empirical Bayes (BEB)
method in models M2a and M8 (Yang et al. 2005). If the
posterior means of w for some site classes are >1 (calculated
as the average of w over all site classes weighted by the
posterior probabilities), those sites are likely to be under
positive selection (Yang et al. 2005).

We used the program Geneconv 1.81 (Sawyer 1999) to
find the most likely candidate fragments for recombination/
gene conversion events between vole sequences of the
DQA gene. This method has one of the highest probabilities
of correctly inferring gene conversion when it is present
(Posada 2002). Global and pairwise statistical tests were
performed with 10,000 permutation runs. The software has
an integrated Bonferroni correction that protects against the
inflation of type I errors of the many pairwise tests that are
performed. For example, when using the alignment of 22
sequences of 246 bp (i.e. all three species together), it
results in 22x21/2=231 possible pairs of sequences. The
corrected p-value (we used the Karlin and Altschul 1990
p-values) was thus multiplied by 231 to obtain a global
a-value of 0.05, which is a very conservative and
recommended procedure (Sawyer 1999). This method,
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Fig. 1 Alignment of seven expressed amino acid sequences of the complete DQA exon 2 of the water voles (Arte-DQA), eight sequences of
the common voles (Miar-DQA) and seven sequences of the bank voles (Clgl-DQA). Dots indicate identity in the amino acid sequence of the
Arte-DQA*01. Numbering of amino acid residues is according to Brown et al. (1993)



Table 1 Composition of the Arte-DQA exon 2 genotypes in 96
water voles on the basis of the capillary electrophoresis-single strand
conformation polymorphism

Sequence No. of
01 or 04° 02 03 05 06 07 individuals
X X 1
X X 4
x (1x01) X X 3
x (1x01) X X 6
X (2x04) X X 11
X (2x04) X X 8
x (1x01, 1x04) X 3
X X X 4
X X X 3
x (1x04) 10
X X X 13
X X X 6
X 3
X X 2
X X 4
X X 2
X 1
X X 3
X X 1
X 1
X X 7
Total 96

aSequences Arte-DQA*01 and Arte-DQA*04 are indistinguishable
by CE-SSCP analysis. Numbers in parentheses indicate the number
of individuals with particular sequence identified by the cloning
and sequencing

however, may have low power in the presence of the
extensive recombination detected at some MHC loci.
Thus, we estimated the amount of recombination rate
(p=4Nr) in the history of a set of aligned sequences by
Hudson’s (2001) composite-likelihood estimate approach
using the programme LDhat (McVean et al. 2002). This
programme estimates recombination rates fairly accu-
rately with regard to sequences evolving under sym-
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metric balancing selection (Richman et al. 2003b). The
value of the composite likelihood recombination (ppcg)
is estimated conditioned on the estimate of a mutation
rate per site (0=4N.u), obtained using a finite-series
version of the Watterson estimator. The value of prcg
was compared statistically to the hypothesis of no
recombination (p=0) using a permutation test implement-
ed in LDhat. Finally, the distribution of the correlation
between * measure of linkage disequilibrium and
physical distance was calculated under random permuta-
tion of the physical position of the single nucleotide
polymorphisms (1,000 permutations) and compared with
correlation obtained from the data. This analysis,
implemented also in LDhat, was used as another test
for the presence of recombination (Awadalla and
Charlesworth 1999; McVean et al. 2002).

Paup version 4.0b10 for Microsoft Windows 95/NT was
employed to construct a phylogenetic tree of the DQA
sequences based on 247 bp of the exon 2 (base pairs no. 3—
249 of the complete exon), applying the neighbour-joining
(NJ) algorithm with Kimura’s two-parameter distances. A
bootstrap analysis (1,000 replicates) was performed to
determine the reliability of the branching.

Results
Identification of allelic diversity in water voles

By using cloning—sequencing methodology and CE-SSCP
analysis, we analysed 78 clones derived from genomic
DNA from 10 water voles and identified seven different
sequences of the complete Arte-DQA exon 2 (Fig. 1). All
sequences were confirmed by comparing CE-SSCP pat-
terns of cloned PCR products with those of the individual
from which the sequence was isolated. All sequences are
distinguishable by CE-SSCP with one exception, i.e. Arte-
DQOA*01 and Arte-DQA*04 that produced the same CE-
SSCP pattern even if we used various electrophoresis
conditions (temperature, sieving matrix, etc.). We have not
found additional DQA sequences by CE-SSCP analysis of
another 86 water voles from the same localities.

Table 2 Synonymous and non-synonymous distances for antigen-binding sites (ABS) and non-ABS in DQA sequences

N ABS Non-ABS
ds dN dN/ds ds dN dN/ds
All rodents 32 0.28+0.10 0.39+0.07 1.40 0.30+0.06 0.09+0.02 0.31
Murinae (5 spp.) 9 0.22+0.16 0.21+0.05 0.95 0.16+0.05 0.08+0.02 0.53
Arvicolinae (3 spp.) 22 0.21+0.08 0.43+0.07 2.02 0.20+0.04 0.07+0.02 0.36
Clethrionomys 7 0.28+0.16 0.49+0.09 1.74 0.20+0.05 0.08+0.02 0.37
Microtus 7 0.19+0.09 0.45+0.10 2.40 0.18+0.05 0.08+0.02 0.42
Arvicola 8 0.11+0.07 0.36+0.07 3.16 0.17+0.05 0.06+0.01 0.33

Synonymous (dS) and non-synonymous (dN) distances were calculated using the Nei—Gojobori method with a Jukes—Cantor correction.

Standard errors were estimated by bootstrap with 1,000 replicates
N Number of analysed sequences
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Table 3 Summary of test statistics for the likelihood-ratio tests of
exon 2 of the DOA gene in three species of voles

Models compared df Test statistic Significance
Mla vs M2a 2 19.794 p<0.001
M3 vs MO 4 82.860 p<0.001
M8 vs M7 2 22.665 p<0.001

Test statistic was computed as 2(L,—L,), where L, and L, are log-
likelihood values for each of the nested models being compared

Expression pattern

In total, we sequenced cDNA fragments of 50 clones from
six water voles with diverse CE-SSCP pattern (identified
previously in 24 water voles). This analysis revealed seven
different sequences of transcribed exon 2 of the DQA gene
(Fig. 1). These sequences were identical to those charac-
terised on the basis of genomic DNA suggesting that there
are no pseudogenes of the DQA gene or at least that pseu-
dogenes are not amplified by the used primers in water voles.

We performed similar analysis of expressed gene diversity
also in two other vole species. After the CE-SSCP analysis of
16 common and 16 bank voles, the cloning and sequencing
of cDNAs from four common voles with diverse CE-SSCP
pattern (43 clones were sequenced) revealed eight different
sequences, while in the same number of bank voles (38
clones), seven sequences were transcribed (Fig. 1).

Number of DQA genes in voles

In six water voles (from 16 individuals used to assess the
DQA sequence diversity on genomic and cDNA level),
three sequences were identified by both the SSCP and
cloning—sequencing analyses. In total, 96 individuals were
genotyped by CE-SSCP, and 54 individuals (56%)
exhibited three peaks in at least one colour in their CE-
SSCP pattern. These results evidence occurrence of at least
three different sequences that are amplified by used

primers, i.e. at least two copies of the DOA gene exist in
the water voles (Table 1). All individuals with three DOA
sequences exhibited CE-SSCP peak corresponding to
alleles Arte-DQA*01 and Arte-DQA*04 (they are not
distinguishable by CE-SSCP—see above) and we have
never found individuals with four CE-SSCP sequences.
These observations suggest that these two alleles could be
located on the second DQA locus. Considering this fact,
both loci were amplified in 72 (75%) water voles, while
only one locus (bearing alleles Arte-DQA*02, 03, 05, 06
and 07) was present in 24 individuals (Table 1).

Based on the cloning and sequencing of cDNAs, the
DQA gene is duplicated also in another two vole species. In
three common voles (from four analysed), we found three
transcribed sequences; the fourth individual expressed only
two sequences. In four bank voles analysed for cDNA
variation, we similarly found one to four expressed se-
quences, suggesting that, at least in some individuals, the
DQA gene is duplicated. Additional PCR amplification
(only PCR 1 was performed) and CE-SSCP of DQA gene
on genomic level revealed three or four peaks in one colour
in seven from 16 common voles and three peaks (four
peaks have never been observed) in six from 16 bank voles.

Sequence analysis

In 22 sequences found within three vole species, 130 out of
247 nucleotide positions were variable, among which 80
were parsimony informative. No indels were detected. The
mean divergence in the DQA exon 2 sequences ranged
from 10.9 to 14.6% nucleotide substitutions within the
three vole species. These values indicate the divergence
both within and between loci as we were not able to
distinguish alleles of particular loci. Taking into account
the fact that MHC polymorphism might be expressed not
only by true locus allelism, in further analyses, we
considered all sequences as if they would be alleles of
one locus.

Table 4 Results of maximum likelihood models of exon 2 of the DQA gene in three species of voles

Model code P Log-likelihood Parameter estimates Positively selected sites
MO (one ratio) 1 —1764.296 w=0.861 None
M1la (NearlyNeutral) 1 —1701.588 p0=0.551, p;=0.450 Not allowed
M2a (PositiveSelection) 3 —1681.795 p0=0.502, p;=0.304, p,=0.195, w,=3.312 24, 31,52, 53, 65, 66, 68, 72
M3 (discrete) 5 —1681.436 p0=0.542, p;=0.292, p,=0.167, w;=0.110, Not analysed
w1=1.297, w,=3.653
M7 (beta) 2 —1705.451 p=0.149, ¢=0.151 Not allowed
M8 (beta and omega) 4 —-1682.785 p0=0.792, p;=0.208, p=0.211, ¢=0.300, w=3.231 11, 24, 31, 52, 53, 62, 65, 66,

68, 72, 76

Alignment of 22 sequences from three vole species was used as input for the program CodeML (included in the PAML 3.14 program suite).
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 at the 95% level are in italic

P Number of parameters in the w distribution, w selection parameter, p,, proportion of sites that fall into the w, site class, p, ¢ shape

parameters of the (3 function (for models M7 and MS)
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Fig. 2 Posterior means of w, calculated as the average of w over

the 11 site classes, weighted by the posterior probabilities under the

random-sites model M8 (5 and w). The posterior probabilities were computed by the Bayes empirical Bayes procedure in the program
CodeML implemented in the PAML3.14 package. The amino acid numbering is according to Brown et al. (1993). Arrows indicate the ABS

positions identified on the basis of the crystal structure of the I-A pro

teins (details in the text). Sites inferred to be under positive selection at

the 99% level are indicated by large black circles and those at the 95% level by the medium black circles

All exon 2 sequences identified in voles translate to give
unique amino acid sequences (Fig. 1), reflecting the high
level of non-synonymous substitutions at these loci. We
observed strong and systematic increases in ratio of non-
synonymous vs synonymous substitutions (dN/dS) at the
ABS as expected under balancing selection (Table 2). This
was especially true within the Arvicolinae subfamily.

We applied the maximum-likelihood-based random-sites
models to 246 bp of the DQA exon 2 encoding amino acids
3—84 (numbering is according to Brown et al. 1993) using
PAML3.14. The results are summarised in Tables 3 and 4.
The models allowing for the inclusion of positive selection,
i.e. M2a, M3 and MBS, fitted data significantly better than
simpler models M1a, MO and M7 (Table 3). The random-
sites models, thus, demonstrate extreme variability in
selective pressure among sites in the exon 2 and the
presence of a number of sites under positive selection.
These sites were identified by using the Bayes empirical
Bayes procedure incorporated in PAML3.14. In total, eight
sites were significantly positively selected under the model
M?2a and 11 sites under the M8 (Table 4). In model MS,
posterior means of w were >1 at the next 21 sites,
suggesting the presence of other positively selected sites
(similar results obtained under model M2a are not shown).
The positively selected sites almost exactly correspond to
amino acid residues lying in the ABS (Fig. 2).

Using the program Geneconv 1.81, we did not found
strong evidence for intra- or interlocus recombination in the
alignment of 22 sequences of 246 bp (base pairs no. 3—-248)

of three species of voles. Global tests did not identify gene
conversion, which is defined as the presence of a global
inner fragment. However, 18 from 231 pairwise compar-
isons were significant at p<0.05 and, even if they became
insignificant after the Bonferroni correction for multiple
comparisons, this number is higher than predicted by
chance (~11=5% from 231) indicating the presence of gene
conversion in our sample. The ambiguous inference on the
presence of recombination was obtained also on the basis
of analyses in the program LDhat (Table 5). The amount of
recombination was higher than that of mutation in the bank
and common voles, while lower in the water voles.
Permutation tests, however, significantly rejected the null
hypothesis (p=0) and confirmed the presence of recombi-
nation in water and common voles. Negative correlation of
linkage disequilibrium and physical distance was signifi-
cant only in water voles. Both measures of recombination
were significant in the alignment of sequences of all three
species suggesting the presence of recombination events in
the common history of arvicoline rodents (Table 5).
Phylogenetic analysis resulted in a single shortest tree
(Fig. 3). The sequences of the five Murinae species formed
a clade well distinct (bootstrap value of 67) from the ones
of the Sigmodontinae and Arvicolinae species. By contrast,
the 22 sequences from the three Arvicolinae species do not
form monophyletic groups respective to the species level.
This result suggests trans-species polymorphism within
that subfamily although no alleles were shared between
species in our data set. Based on the phylogenetic analysis,

Table 5 Estimates of the amount of population mutation (Waterson’s #=4Np) and population recombination rate (p=4/Nr) obtained using the

programme LDhat (McVean et al. 2002)

Species n 0 p p(p) " p(?)
A. terrestris 55 23 3 0.019 —0.078 0.015
C. glareolus 61 25 35 0.071 —0.021 0.166
M. arvalis 68 26 99 0.017 —0.037 0.056
All three species 88 24 88 0.001 —0.034 0.029

Significance values of p and 7* are based on 1,000 permutations and values of p<0.05 are in bold

n Number of segregating sites,

correlation of pairwise linkage disequilibrium with nucleotide distance
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Fig. 3 Phylogenetic relationships of the MHC class II gene DQOA
sequences in nine species of rodents expressed as the neighbour-
joining tree based on Kimura’s two-parameter distances. Bootstrap
values based on 1,000 replicates are shown. GenBank accession
numbers from previously described DQOA sequences follow the
species designation. Arte A. terrestris, Miar M. arvalis, Clgl C.
glareolus, Rano Rattus norvegicus, Rlc Rattus leucopus cooktown-
ensis, Rtt Rattus tunneyitunneyi, Rv Rattus villosissimus, Mumu
Mus musculus, Pele Peromyscus leucopus. DQA exon 2 sequences
of human, sheep O. aries (OvAr, both DQAI and DQA2 genes) and
pig were used as outgroups

it is not possible to distinguish alleles from different loci,
but we suggest that duplication predated speciation event.

Discussion

In the present study, we described for the first time the
diversity of the MHC class II DQOA gene in voles. We
identified seven sequences in the water voles, eight in the
common voles and seven in the bank voles. The DOA locus,
hence, seems to be quite variable considering the facts that
analysed animals originated from the area of about only
100 km? and the low numbers of analysed common and
bank voles. Similar studies on rodents indicated even higher
allelic richness at the DQOA gene (13-36 alleles); however,
they were usually focussed on the population genetic
structure using MHC markers, i.e. they analysed more
animals from larger areas (Seddon and Baverstock 1999;
Pfau et al. 2001; Gouy de Bellocq et al. 2005). This suggests
that the number of existing sequences in voles will increase
after more individuals from large area will be typed.
Commonly used measure of selection, i.e. dN/dS test,
demonstrated that there is strong evidence for an increased
rate of substitution at non-synonymous vs synonymous
sites in the ABS within DQA exon 2 in voles. The DQA
locus in voles, thus, seems to be subject to a strong
balancing selection. This result is in accordance with
published data on DQA gene in rodents, where the dN/dS
ratio is usually much higher at ABS sites than at non-ABS
ones, even if the differences are only rarely significant (see
review in Pfau et al. 1999). Different results are rare at the
exon 2 of the MHC Class II gene and are usually con-
sidered as unexpected (Gouy de Bellocq et al. 2005) and/or
reflecting saturation of the limited number of non-
synonymous sites at the ABS (Richman et al. 2003b).
The ambiguity of results could be caused by the unknown
detailed structure of MHC proteins in the majority of
species studied and, hence, incorrectly identified ABS
sites. The ABS sites have been usually identified on the
basis of the three-dimensional structure of human HLA-
DR1 protein (Brown et al. 1993) which can be different
from DQ and DR molecules in other taxa. The structure of
the ABS (i.e. the position of amino acid residues
incorporated in the peptide binding) is variable even
between different alleles at one locus (for a review, see
differences between that of Fremont et al. 1998; Latek et al.
2000; and Scott et al. 1998). Structural studies permit the
identification of sites potentially involved in antigen
binding, but do not expect all of them to be under
balancing selection. The conserved sites in ABS then
decrease the power of dAN/dS analysis. From this point of
view, it seems very useful to identify the sites under various
types of selection by using maximum likelihood models.
We presented extreme variability in selective pressure
among sites in the exon 2 and the presence of a number of
sites under balancing selection. In accordance with struc-
tural models, the majority of these sites have been
previously known to be implemented in the antigen
binding. However, we found additional sites under positive



selection not previously mentioned in the ABS (7, 18, 36,
50 and especially 31 that was not mentioned to be
incorporated in antigen-binding in I-A and I-A* alleles;
Fremont et al. 1998; Scott et al. 1998). On the other hand,
amino acid residues at positions 22 and 69 referred from
murine ABS seem to be conserved or neutral to selection.

We clearly documented that at least two transcribed
copies of the DQA gene occur in three species of voles. The
duplication event predated the divergence of vole genera,
which means that the common ancestor of all three vole
genera before 7.4-9.3 Mya (Martin et al. 2000; Michaux
and Catzeflis 2000; but see 5.5-6.6 Mya in Steppan et al.
2004) already had two copies of the DQOA genes. Voles are,
hence, the first group of rodents where the duplication of
the DQOA gene is documented. By sequencing the complete
MHC region, it was found that the DQA homologue occurs
in a single copy in rat (named RT!.Ba; Easterfield et al.
2003; Giinther and Walter 2001; Hurt et al. 2004) and
mouse (named H2-Aa; Blake et al. 2003) genome. A
maximum of two alleles per individual corresponding to
one copy of the DQA gene were found in the cotton rats S.
hispidus (Pfau et al. 1999, 2001), three species of Malagasy
rodents (Sommer and Tichy 1999; Sommer et al. 2002), the
common hamster Cricetus cricetus (Smulders et al. 2003)
and several species of the Australian rats (Seddon and
Baverstock 1999, 2000). Nevertheless, the duplication of
the DOA gene was documented outside the rodents. Two
copies (one is transcribed, the second—called DQA2—is
pseudogene) exist in human MHC (The MHC Sequencing
Consortium 1999) and in other hominoid species of
primates (non-human primate MHC database; Robinson
et al. 2005). Two functional and highly polymorphic DQOA4
genes were described in sheep (Fabb et al. 1993; Snibson et
al. 1998 and references therein) and even a higher degree of
complexity was found in the cattle DQ subregion, where
three copies of the gene could occur (Ballingall et al. 1997).

Based on the CE-SSCP pattern, we tried to divide the
DQA sequences in water voles to particular loci, and we
suppose that both copies of the DQA gene are not always
present in the vole MHC. More specifically, 25% of water
voles had in their genotypes only sequences from
presumably one locus. The lack of sequences from the
second locus could be also caused by the occurrence of null
alleles; however, the probability of null allele occurrence
was decreased by using different primer pairs at the
genomic and cDNA levels, respectively. The number of
DQA genes varying with haplotype has been so far
described only in artiodactyls. Between 10 and 18% of
sheep lack the DQA1 gene (Fabb et al. 1993) and various
combinations of three DQOA genes per haplotype were
described in cattle (Andersson and Rask 1988; Ballingall et
al. 1997). Such complex structure seems to be more
common at DRB loci and is well described in California sea
lions (Bowen et al. 2004), rhesus macaques (Khazand et al.
1999) and human (Andersson et al. 1994).

There is considerable uncertainty about the importance
of gene conversion (intra-locus recombination) in driving
the allelic diversity of MHC genes (Martinsohn et al. 1999;
Ohta 1999). Recent application of efficient statistical
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methods to DNA sequences in non-model mammals
indicated that intra-locus recombination can play a more
important role in the generation of allelic polymorphism at
DRB locus than mutation does (Richman et al. 2003a,b;
Schaschl et al. 2005). In this study, we analysed for the first
time the presence of recombination at the DQA loci and
found ambiguous results. The analyses in LDhat pro-
gramme suggest recombination among the DQA sequences
in the common history of arvicolid rodents (see similar
results in two chamois species; Schaschl et al. 2005);
however the influence of recombination on forming DQOA
variation in particular species is not convincing. The
inability to detect recombination unambiguously could be
caused by the low number of analysed sequences (they
were obtained from a low number of individuals from a
relatively small area) or by the presence of duplicated gene,
as we were not able to identify alleles of particular loci.
Inter-locus recombination is thought to play a minor role in
MHC evolution of mammals (Hughes and Yeager 1998b;
but is well documented in fish and birds—for a review, see
Edwards et al. 1995; Reusch et al. 2004; Wittzell et al.
1999); however, its absence can significantly decrease the
power of statistical analyses of recombination when
analysed sequences come from two or more loci.

In our study, we documented the trans-species polymor-
phism, i.e. the non-neutral retention of MHC sequences
across three genera of voles causing discordance between
MHC sequences and species trees. Even if the trans-species
polymorphism of MHC genes has been well evidenced in
various groups of vertebrates (see references in Introduc-
tion), in rodents the results have been ambiguous.
Ambiguity in trans-species polymorphism might depend
on the investigated locus with varying selection pressures
acting on different loci. The ancestral polymorphism of
MHC class II genes within different murid species was
evidenced on DRB (Edwards et al. 1997; Smulders et al.
2003; Musolf et al. 2004) and DQA locus (Seddon and
Baverstock 2000); however, others did not found support
for trans-species persistence of alleles at these loci
(Vestberg et al. 1998; Pfau et al. 1999; Richman et al.
2003a). The majority of recent subfamilies of Muridae
separated during the initial bushlike radiation before 17—
20 Mya and the calculated divergence time for the three
arvicoline genera analysed in this study is between 6 and
8 Mya (Martin et al. 2000; Michaux and Catzeflis 2000;
Steppan et al. 2004). The upper limit for taxa to share
alleles is estimated to be 30—40 million years (Takahata and
Nei 1990). Hence, the trans-species polymorphism in voles
may be explained by the retention of ancestral polymor-
phism predating the speciation of Arvicolinae. This
supposes that the founding population was large enough
relative to divergence time to prevent the stochastic losses
of allelic lineages through genetic drift and bottleneck
(Hughes et al. 1994) and that the selection pressure on this
locus was strong enough to maintain polymorphism over a
long period of time. Nevertheless, it should be noted that,
in the presence of recombination (which is still ambiguous
at DQOA gene in voles), the phylogenetic analyses should be
considered with caution as the length of terminal branches
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and the total branch lengths are larger and the time to the
most recent common ancestor is smaller than that of a
phylogenetic tree reconstructed with no recombination
(Schierup and Hein 2000).

Pathogens are considered to be a major factor influenc-
ing balancing selection and trans-species evolution on
MHC as they may be common among vertebrate taxa
whether kin-selection or maternal—foetal incompatibility
may not (Klein and O’Huigin 1994). Klein and O’Huigin
(1994) proposed that parasites whose evolution follows
Farhrenholz’s rule that common ancestors of present day
parasites could be the parasites of the common ancestors of
present day hosts are primarily responsible for the evolu-
tion and properties of MHC polymorphism. MHC class 11
genes develop immune response against extra cellular
pathogens such as bacteria and helminths. Several recent
studies indicated the functional significance of MHC class
II genes in defence against helminths in humans (Godot et
al. 2000; Quinnell 2003), lemurs (Schad et al. 2005), sheep
(Paterson et al. 1998) and rodents (Harf and Sommer 2005;
Meyer-Lucht and Sommer 2005). By comparing para-
sitological surveys conducted on Murinae and Arvicolinae
(S. Morand, personal communication), we were able to
select six different helminths that can be considered as
potential candidates for the trans-species evolution of
MHC polymorphism as they were only present in voles.
Although three possible cestodes (Anoplocephaloides
dentate, Paranoplocephala omphalodes, and Anoploce-
phaloides macrocephala) were recorded, P. omphales and
A. macrocephala were not considered as good candidates
because recent phylogenetic studies revealed that they are
likely to form host-specific complex species (Haukisalmi
and Henttonen 2003; Haukisalmi et al. 2004). One
trematode (Plagiorchis proximus) and two nematodes
(Heligmosomoides glareoli and Trichuris arvicolinae)
were also only found in Arvicolinae. Further experiments
should focus on the detection of associations between
resistance/susceptibility to these macroparasites and DQA
allelic lineages. Indeed, previous studies revealed that DQOA
alleles could be strongly associated with resistance to
trematodes (Schistosoma japonicum) in humans (Waine
et al. 1998) and with increased susceptibility to nematodes
(Trichostrongylus colubriformis) in sheep (Hohenhaus and
Outteridge 1995).

We demonstrated that duplicated DQA gene in voles
(more specifically, the sites included in ABS) is under
strong effect of balancing selection, i.e. the gene is
probably highly functional in the immunological response.
This is the first gene of MHC so far characterised in voles,
i.e. in the group of species frequently used as models in
population ecology due to the ability of their populations to
fluctuate regularly and multi-annually in their density. One
of the leading hypotheses explaining the maintenance of
high diversity of MHC genes in populations is the
hypothesis of pathogen-driven balancing selection (Hughes
and Yeager 1998a) and the parasites are recently thought to
play very important role in cyclic population dynamics of

voles (Cavanagh et al. 2004). It will be, hence, very useful
to analyse the interactions of fluctuating population
density, occurrence of parasites and frequency of the
MHC genotypes in vole populations.
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