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Abstract The generation and maintenance of allelic poly-
morphism in genes of the major histocompatibility complex
(MHC) is a central issue in evolutionary genetics. Recently,
the focus has changed from ex situ to in situ populations to
understand the mechanisms that determine adaptive MHC
polymorphism under natural selection. Birth-and-death
evolution and gene conversion events are considered to
generate sequence diversity in MHC genes, which subse-
quently is maintained by balancing selection through
parasites. The ongoing arms race between the host and
parasites leads to an adaptive selection pressure upon the
MHC, evident in high rates of non-synonymous vs
synonymous substitution rates. We characterised the MHC
class II DRB exon 2 of free living bank voles, Clethrion-
omys glareolus by single-strand conformation polymor-
phism and direct sequencing. Unlike other arvicolid
species, the DRB locus of the bank vole is at least
quadruplicated. No evidence for gene conversion events in
the Clgl–DRB sequences was observed. We found not only
high allelic polymorphism with 26 alleles in 36 individuals
but also high rates of silent polymorphism. Exceptional for

MHC class II genes is a purifying selection pressure upon
the majority of MHC–DRB sequences. Further, we analysed
the association between certain DRB alleles and the parasite
burden with gastrointestinal trichostrongyle nematodes
Heligmosomum mixtum and Heligmosomoides glareoli
and found significant quality differences between specific
alleles with respect to infection intensity. Our findings
suggest a snapshot in an evolutionary process of ongoing
birth-and-death evolution. One allele cluster has lost its
function and is already silenced, another is loosing its
adaptive value in terms of gastrointestinal nematode
resistance, while a third group of alleles indicates all signs
of classical functional MHC alleles.
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Introduction

From an evolutionary point of view, the genes of the major
histocompatibility complex (MHC) are of a special interest
because they contain some of the most polymorphic coding
genes in the vertebrate genome (Bernatchez and Landry
2003). The MHC comprises a multi-gene family coding for
transmembrane receptor glycoproteins. These MHC mole-
cules bind antigens and present them to T lymphocytes that
initiate the following immune answer by recognising a
foreign peptide (Brown et al. 1993). The MHC can be
divided in two major groups. Class I molecules mostly are
responsible for the recognition and binding of intracellular
antigens, whereas class II molecules correspond to extra-
cellular antigens (Klein and Sato 1998). Due to its
important role in the vertebrate immune system, it is
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assumed that the extraordinary high level of polymorphism
is maintained by balancing selection driven by pathogens
and parasites (Apanius et al. 1997; Bernatchez and Landry
2003; Hedrick 1999, 2002; Stear et al. 2005). Thereby,
operating evolutionary mechanisms are of great interest and
subject to ongoing controversy (Bernatchez and Landry
2003; Hedrick 1999; Piertney and Oliver 2006; Sommer
2005). High rates of non-synonymous (dN) vs synonymous
(dS) substitutions are regarded to be good indicators for an
ongoing adaptive evolutionary process (Parham and Otha
1996). This prediction has been proven in a number of
recent field studies under natural selection conditions and
was mostly combined with high levels of allelic polymor-
phism (Bryja et al. 2006; Froeschke and Sommer 2005;
Harf and Sommer 2005; Meyer-Lucht and Sommer 2005;
Oliver and Piertney 2006; Schad et al. 2004, 2005). It holds
especially true for certain nucleotide positions defined as
antigen-binding sites (ABS) based on the human sequence
(Brown et al. 1993). These are key positions in the peptide-
binding region of the MHC molecule where a single
substitution can change the binding properties of the
molecule radically. Moreover, it becomes more and more
evident that not only allelic diversity within one single
locus is important. Gene duplication seems to be an
important evolutionary tool to increase allelic diversity
within a species and, thereby, its adaptive potential to new
challenges. Generation of new alleles can be achieved via
gene conversion events (segmental exchanges of sequence
motives between alleles of the same or different loci) or via
birth-and-death evolution (Nei et al. 1997; Parham and
Otha 1996). Birth-and-death evolution produces new
orthologous genes by duplication that diverge by accumu-
lating mutations over time. Some of these alleles persist in
the genome, and some get deleted or become pseudogenes
(Nei and Rooney 2005). Duplicated MHC genes can be
found in a broad range of free-ranging animals (e.g. Baker
et al. 2006; Bryja et al. 2006; Harf and Sommer 2005;
Miller and Lambert 2004; Miska et al. 2004; Phillips et al.
2003; Reusch et al. 2004; Schwensow et al. 2007) and
strengthen the assumption that gene duplication is an
important process in MHC evolution.

To sharpen our understanding of the ongoing evolution-
ary mechanisms that determine adaptive MHC polymor-
phism, it is necessary to investigate free-living populations
evolving under natural selection pressures (Bernatchez and
Landry 2003). For this purpose, we chose the bank vole,
Clethrionomys glareolus, a common European Muridae
belonging to the subfamily Arvicolinae (Michaux et al.
2001). C. glareolus has been subject to a broad range of
scientific studies including parasitological, sociobiological,
reproductive and population studies making it an interesting
model species for further studies (e.g. Barnard et al. 2003;
Behnke et al. 2001; Bujalska and Hansson 2000; Haukisalmi

and Henttonen 1993a,b, 2000; Horne and Ylönen 1996;
Hörnfeldt 2004; Norrdahl and Korpimäki 2002; Ylönen et al.
1997). Our specific goals were (1) to investigate the
variation of the MHC class II DRB locus, (2) to analyse
selection, expression and evolution patterns and finally, (3)
to compare these data with infection data of gastrointestinal
helminths.

Materials and methods

We life-trapped 130 individuals of bank voles (C. glar-
eolus) from the end of June to the beginning of September
2004 in a deciduous forest about 35 km north east of
Hamburg, Germany. Ear tissue samples were taken and
stored in 70% ethanol at 5°C. Individual faecal samples
were collected from each trap and fixed in 70% ethanol to
assess the individual intestinal parasite burden. Traps were
cleaned before re-use.

Genetic investigations focuses on the MHC class II DRB
gene exon 2 because it contains most of the functional
important ABS and is, therefore, the most likely candidate
for detecting balancing selection acting on MHC class II
genes. We analysed a subsample of 36 individuals using
polymerase chain reaction (PCR) with two different primer
systems (PS1, PS2), single-strand conformation polymor-
phism (SSCP) and direct sequencing. Genomic DNA was
extracted using the DNeasy™ Tissue Kit (Qiagen®, Hilden)
following the manufacturer’s protocol. PS1 used the
primers Tub1JS (Schad et al. 2004) and YML10 (Meyer-
Lucht & Sommer, unpublished) to amplify a fragment of
195 bp, while PS2 used the new designed forward primer
JAFW1 (5′-GTGCGGTTTCTGGACAGATAC-3′) and
YML10 to amplify 167 bp. All PCRs were performed in
a reaction volume of 20 μl, each containing 40–100 ng of
DNA, 0.375 mM of each primer (Sigma Aldrich®, St
Louis), of 10× reaction buffer, 0.175 mM deoxyribonucle-
otide triphosphates, 1U Taq polymerase (all Quantum
Appligene®). Thermocycling was carried out on a TGra-
dient Thermocycler (Biometra, Göttingen) with an initial
denaturation step 120 s at 96°C followed by 35 cycles of
30 s denaturation at 96°C, 60 s annealing at 59°C for PS1
and at 57°C for PS2, 60 s elongation at 72°C, finished with
a 10-min elongation at 72°C and stopped by cooling down
to 5°C.

PCR products showed a distinct single band on a 1.5%
agarose gel stained with ethidium bromide. After amplifica-
tion, SSCP on a 15% polyacrylamide gel was conducted based
on the manufacturer’s protocol (ETC, Kirchintellinsfurt) and
modified for this study. Two to four microlitres of PCR
product was mixed with twice the volume of denaturating
loading dye (50 mM NaOH+1 mM ethylenediaminetetra-
acetic acid, Xylencyanol), heated at 50°C for 10 min, and 6 μl
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was loaded on the polyacrylamide gel. Electrophoresis
was run on a horizontal cooling electrophoresis system
(Amersham Pharmacia, Freiburg) at 12°C. Conditions
were 20 min at 200 V, 10 mA, 10 W followed by 4.5 h at
450 V, 30 mA and 20 W. Gels were fixed and silver stained
(PlusOne DNA Silver Staining Kit, Amersham Pharmacia).
Distinct bands were excised from the gel, resolved in 30 μl
1× TBE and incubated for 3 h. Reamplification of single
strands was performed as described before with 30 instead
of 35 cycles. PCR products were purified by gel extraction
(QIAquick, Gelextraction Kit, Qiagen) and ethanol precip-
itation. Approximately 60–80 ng of DNA was used for
cycle sequencing, which was performed using a dye
terminator sequencing kit (BigDye® Terminator v3.1,
Applied Biosystems, Foster City) and analysed by an
automated sequencer (Model 3100, Applied Biosystems).
Sequences were edited by eye and aligned in the alignment
editor embedded in MEGA 3.1 (Kumar et al. 2004). All
alleles were defined on the basis of at least three
independent sequences. A basic local alignment search
tool (BLAST) search at GenBank (National Centre for
Biotechnology Information, NCBI) confirmed gene iden-
tity for all Clethrionomys sequences.

RNA (Qiagen RNeasy kit, Qiagen) from fresh liver
tissue from two individuals was extracted to determine if
DRB alleles that could be grouped to different phylogenetic
clusters (see below) are expressed. Genomic DNA was
removed via the DNase Set (Qiagen), and first-strand
complementary DNA (cDNA) synthesis was performed in
a 20-μl reaction tube using SuperScript® III reverse
transcriptase (Invitrogen, Karlsruhe) and oligo(dT)17 prim-
er. Incubation was conducted at 55°C for 45 min followed
by 15-min step at 70°C. We performed PS1 and PS2 with
the obtained cDNA as a template followed by SSCP and
direct sequencing.

MEGA 3.1 was used to calculate the relative rates of
non-synonymous (dN) and synonymous (dS) substitutions
according to the method of Nei and Gojobori (1986) with
Jukes and Cantor (1969) correction for multiple hits for all
alleles except pseudogenes. The substitution rates were
calculated separately for non-antigen-binding sites (nABS)
and 19 ABS defined by Brown et al. (1993). The pro-
bability that ω (dN/dS)=1 was determined using a t-test.
MEGA 3.1 was employed to calculate mean genetic
distance (d) based on nucleotide divergence according to
the Kimura two-parameter distance. This method was also
applied to construct a neighbour-joining phylogenetic tree
based on the shared sequence sections of all alleles. A
bootstrap analysis with 5,000 replicates was conducted to
proof reliability of the branching. Test for recombination
events between alleles was conducted with the program
Geneconv 1.81 (Sawyer 1999). The program runs 10,000
permutations of the original data to test global and pairwise

for the occurrence of possible inner and outer fragments
involved in recombination or gene conversion events.

Parasite load was assessed in all genetically investigated
individuals (except for one) by a McMaster floatation
technique modified by Meyer-Lucht and Sommer (2005).
The faecal egg count (FEC), measured in eggs per gram
faeces, is a non-invasive technique and has proved to give
adequate information about the parasite load of an animal
(Froeschke and Sommer 2005; Harf and Sommer 2005;
Meyer-Lucht and Sommer 2005; Schad et al. 2005).
Helminth eggs were assigned to different morphotypes
defined by size and morphological characters. Photographs
of all eggs were taken and used for later classification
together with adult worms obtained from dissections of
dead found animals. We used only the data of the most
abundant helminths, the trichostrongyle nematode species
Heligmosomum mixtum and Heligmosomoides glareoli,
which were observed in more than 96% of the animals
tested positive on helminth infection (Axtner and Sommer,
unpublished data). The non-parametric Kruskal–Wallis was
applied to investigate differences in the parasite load
between the most common expressed alleles (present >5
individuals) followed by pairwise Mann–Whitney U-tests.
Bonferroni-corrected significance levels were used for
multiple comparisons (Rice 1989; Sachs 1992). All tests
were performed in SPSS® version 11.5.

Results

MHC sequence variation, selection and phylogenetic
relationships

Both primer systems (PS1, PS2) were successfully performed
on all 36 individuals revealing 26 different alleles for theDRB
exon II of the bank vole. We followed the nomenclature of
Klein et al. (1990) and labelled them Clgl DRB*01 to Clgl
DRB*28 eliding the numbers 2 and 9 (GenBank accession
numbers: EF434791 to EF434816). BLAST search con-
firmed the homology to other rodent DRB sequences for all
alleles (84 to 94% concordance). Thirteen alleles could only
be detected with PS1, nine alleles could only be detected
with PS2, four alleles could be detected with both primer
systems. The maximum number of alleles in a single
individual was eight; therefore, the MHC DRB locus must
be at least quadruplicated. We could not find any evidence
for genetic recombination or gene conversion events
between aligned sequences and/or ancestral relicts of such
events using the program Geneconv 1.81.

Phylogenetic analysis of the Clgl sequences revealed two
distinct monophyletic allele clusters (cluster I and II) each
consisting of alleles that could only be amplified by one of
the primer systems (Fig. 1). Cluster I comprised the alleles
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only amplified by PS1 and cluster II the alleles only
amplified by PS2. The alleles DRB*16, *17, *18 and *21
did not belong to the monophyletic clusters I and II. We did
not combine these alleles to a cluster III because phyloge-
netic analyses (see below) suggest that they might belong to
different lineages. Instead, we analysed them as a separate
group (group III) based on shared attributes of classical
functional DRB alleles (see below, Fig. 1). Apparently,
there was a strong linkage between the alleles Clgl DRB*01
(cluster I), DRB*21 (group III), and DRB*26 (cluster II). In
only 2 out of 17 cases, 1 of the 3 alleles was found alone.
Due to of the lack of knowledge about the affiliation of the
alleles to different loci, it was impossible to test the linkage
disequilibrium. Clgl DRB*22 and *25 (cluster II; Fig. 1)
seemed to be pseudogenes with stop codons in their
sequences and were excluded from further analysis.

By sequencing the cDNA samples, the alleles Clgl
DRB*17, *19 and *24 were found that confirms the
expression of at least some cluster II alleles as well as
group III alleles. PS1 could not successfully be performed
on the cDNA samples suggesting that the cluster I is no
longer expressed.

Within the shared part of the 24 Cluster I, II and group III
alleles, 70 (42%) nucleotide positions are variable. Separate
analysis by allele clusters revealed that one to eight nucleotide
positions were polymorphic in cluster I x ¼ 4:87;ð
SE ¼ 1:17Þ, 1 to 5 in cluster II x ¼ 3:24; SE ¼ 1:26ð Þ and
11 to 28 in group III x ¼ 23:33; SE ¼ 3:05ð Þ. Group III
showed a five times higher mean genetic distance between
its alleles than both clusters I and II (dCl I=0.026±0.007;
dCl II=0.026±0.009; dGr III=0.132±0.020). The 24 alleles
translate into only 15 different amino acid sequences. In
cluster I, the alleles Clgl DRB*03, *05, *13 and Clgl
DRB*08, *10, *15 as well as Clgl DRB*12, *14 display the
same amino acid patterns, respectively. In the cluster II, Clgl
DRB*19, *23, *26 and Clgl DRB*24, *28 show no
difference in the amino acid sequence as well as the alleles
Clgl DRB*20, *27.

This high level of synonymous substitutions leads in
both monophyletic clusters I and II to a ω significantly
smaller than the one in analysis over all sites (Table 1).
Especially in cluster I, there seemed to be a strong
detectable negative selection pressure upon the alleles
producing a ωCl I being 20 times smaller than the ω of
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Fig. 1 Neighbour-joining phy-
logeny for all 26 C. glareolus
alleles using a human sequence
as an outgroup (GenBank ac-
cession no. AM109973). The
scale bar represents the genetic
distance and the numbers are
bootstrap values>50 (5,000
replicates). Cluster I was only
amplified by PS1, and cluster II
was only amplified by PS2, the
alleles of group III were ampli-
fied by both primer systems
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cluster II. Within cluster I, there was no difference between
theω at the ABS and the non-ABS, both showing also strong
negative selection pressure. For cluster II, dN at the ABS was
0, turning ω consequentially to 0 and, thus, impossible to test
vs dS. Only in group III, dN was larger than dS at the ABS
although not significant. At the non-ABS, dN was smaller
than dS but also not significant. These results in C. glareolus
contradict previous findings in free-ranging mammal species
under natural selection conditions (Fig. 2).

A phylogenetic analysis with several rodent MHC-DRB
sequences emphasised the uniqueness of both allele clusters
I and II supported by high bootstrap values (Fig. 3). Cluster
I grouped next to a sequence of Rattus norvegicus but
showed a great genetic distance to this sequence. Likewise,
the alleles of cluster II showed a great distance to their
nearest grouping sequences (group III: Clgl DRB*17 and

*18). The two alleles Clgl DRB*16 and *21 (group III)
showed comparable genetic distances to other observed
rodent alleles and grouped with different species that is
known as trans-species evolution (Klein 1987).

Expressed MHC-alleles and gastrointestinal nematode
infection

The adaptive value of expressed MHC alleles was
examined by investigations of the gastrointestinal nematode
load. For statistical reasons, only expressed alleles of
cluster II and group III that were found at least five times
were taken into account. Alleles that were coding for the
identical amino acid sequence were combined. Specific
alleles had a significant influence upon the intensity of
infection with trichostrongyle nematodes (df=4; p=0.041;

Table 1 Estimates of dN and dS (±SD) analysed over all codon positions and partitioned into non-ABS and 19 ABS for cluster I and group III and
17 ABS for cluster II, respectively

N All sites ABS Non-ABS

dN dS ω dN dS ω dN dS ω

All alleles 24 0.130±0.191 0.306±0.094 0.42** 0.323±0.271 0.374±0.308 0.86* 0.070±0.047 0.284±0.169 0.25**
Cluster I 13 0.009±0.006 0.082±0.044 0.01** 0.004±0.009 0.037±0.043 0.11** 0.012±0.008 0.104±0.062 0.12**
Cluster II 7 0.012±0.009 0.046±0.023 0.20** 0 0.083±0.060 0 0.017±0.013 0.027±0.024 0.63
Group III 4 0.123±0.046 0.152±0.074 0.81 0.227±0.093 0.173±0.062 1.31 0.086±0.035 0.144±0.096 0.60

The two nucleotide sequences (DRB*22, *25) with stop codons are not included in the selection analysis. N Number of alleles. All significant ω
(dN/dS) are italicized.
*Means p<0.5
**Means p<0.01
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Fig. 2 Differences between the
rates of non-synonymous (dN)
and synonymous (dS) substitu-
tions (dN–dS) in ABS (shaded
bars) and nABS (black bars) of
MHC class II DRB exon 2
alleles. The amino acid se-
quence changing substitution
rate of different primate (Micro-
cebus murinus, Microcebus ber-
thae), rodent (A. sylvaticus, A.
flavicollis, Leopoldamys saba-
nus, G. paeba, R. pumilio, Rat-
tus rattus, Hypogeomys
antimena), perissodactyla
(Equus przewalskii) and artio-
dactyla (Oryx leucoryx, Dama-
liscus pygargus pygargus)
species (modified from Sommer
2005) is compared to C. glar-
eolus allele clusters I, II and
group III (this study)

Immunogenetics (2007) 59:417–426 421



 Clgl DRB*23

 Clgl DRB*19

 Clgl DRB*26

 Clgl DRB*24

 Clgl DRB*22

 Clgl DRB*27

 Clgl DRB*20

 Clgl DRB*28

 Clgl DRB*25

C
lu

st
er

 II

Clgl DRB*18

 Clgl DRB*17
Group III

 R. pumilio (AY928326)

 R. pumilio (AY928323)

 R. norvegicus (AY626201)

P. eremicus (AY219817)

 P. eremicus (AY219816)

Group IIIClgl DRB*21

P. californicus (AY219808)

 P. californicus (AY219807)

P. californicus (AY219810)

M. musculus (AY740479)

M. musculus (AY740501)

 C. cricetus (AJ490315)

C. cricetus (AJ490316)

 C. cricetus (AJ490314)

A. flavicollis (AY918083)

 A. sylvaticus (AY699741)

 A. sylvaticus (AY699755)

R. pumilio (AY928322)

G. paeba (AY693607)

M. musculus (AY740507)

 P. eremicus (AY219823)

R. norvegicus (AY626204)

 A. sylvaticus (AY699725)

 A. flavicollis (AY918082)

A. terrestris (DQ202216)

Group IIIClgl DRB*16

 A. flavicollis (AY918084)

A. terrestris (DQ202212)

R. norvegicus (AY626203)

 Clgl DRB*10

 Clgl DRB*11

 Clgl DRB*08

 Clgl DRB*15

 Clgl DRB*01

 Clgl DRB*03

 Clgl DRB*04

 Clgl DRB*07

 Clgl DRB*05

 Clgl DRB*06

 Clgl DRB*13

 Clgl DRB*12

 Clgl DRB*14

C
lu

st
er

 I

A. terrestris (DQ202214)

G. paeba (AY693603)

G. paeba (AY693625)

Homo sapiens (AM109973)

72

72

76

62

59
100

67

62

55

50

99

89

54

58

54

52

0.02

422 Immunogenetics (2007) 59:417–426



Fig. 4). The allele group Clgl DRB*20/*27 (cluster II)
seemed to be associated with high susceptibility to
gastrointestinal trichostrongyle nematodes, whereas the
allele group Clgl DRB*19/*23/*26 (cluster II) and the
allele Clgl DRB*21 (group III) are associated with high
resistance to these nematodes. Pairwise comparisons
revealed significant differences between the alleles Clgl
DRB*20/*27 and Clgl DRB*19/*23/*26 (Z=−2.585, p=
0.011; Bonferroni not significant) and between the alleles
Clgl DRB*20/*27 and Clgl DRB*21 (Z=−2.391, p=0.019;
Bonferroni not significant; Fig. 4).

Discussion

In the present study, we analysed for the first time the
allelic diversity of the MHC class II DRB exon 2 of the
bank vole C. glareolus. So far, the only other arvicolid
species examined for the DRB locus is the water vole
Arvicola terrestris (Oliver and Piertney 2006). Interestingly,
the authors observed a very low allelic diversity in the
water vole with only five different alleles in 100 individuals
sampled from four distinct populations by using the
identical genetic approach (SSCP and cycle sequencing).

Usually, a low diversity at the MHC is considered as the
result of a severe population bottleneck (e.g. Amills et al.
2004; Ellegren et al. 1993; Smulders et al. 2003; Sommer
2003). In other field studies on the DRB of rodents, far
more alleles were revealed, for example, 27 alleles in 146
Apodemus flavicollis individuals (Meyer-Lucht and Sommer
2005) and 38 different alleles in 119 individuals of its sister
species Apodemus sylvaticus (Musolf et al. 2004), 34 alleles
in 40 individuals of Gerbillurus paeba (Harf and Sommer
2005) or 20 alleles in 58 individuals of Rhabdomys pumilio
(Froeschke and Sommer 2005). In the present study, we
also observed a much higher number of alleles in the bank
vole that is more comparable to the former studies
mentioned above than to A. terrestris. However, neither of
these studies took the expression level of the counted alleles
into account. Considering the functionality of MHC-DRB
alleles, we observed a low number of classical MHC DRB
alleles in our bank vole population, which probably did not
experience a severe bottleneck event.

In this context, of high interest is the fact that the DRB
locus of C. glareolus is at least quadruplicated. Neither in
A. terrestris nor in Peromyscus belonging to an arvicolid
sister group, a duplication of the DRB locus has been found
(Oliver and Piertney 2006; Richman et al. 2002). However,
in C. glareolus as well as in the two vole species A. terrestris
and Microtus arvalis, also the MHC class II gene DQA is
duplicated (Bryja et al. 2006). This suggests that the
duplication took place before the vole species separated.
Thus, we can conclude that the quadruplication of the DRB
locus in the bank vole is younger on an evolutionary time
scale than the duplication of the DQA locus. It occurred at
least after the separation of A. terrestris and C. glareolus
because it was not found in the former one. The low
divergence within the alleles of clusters I and II also
indicates that the quadruplication of the DRB locus is a very
recent event. Gene duplication is regarded as an important
mechanism generating MHC diversity (Gu and Nei 1999;
Klein et al. 1998) and was found in a broad range of taxa
(e.g. Baker et al. 2006; Bryja et al. 2006; Harf and Sommer
2005; Miller and Lambert 2004; Miska et al. 2004; Phillips
et al. 2003; Reusch et al. 2004; Schwensow et al. 2007).
Two major theories have been put forward to explain the
evolution of the MHC. One hypothesis is the birth-and-death
model of evolution (Nei et al. 1997), which suggests that
MHC genes are produced by duplications. Some duplicated
genes diverge functionally through accumulation of mutations
over time, some alleles become fixed, some pseudogenes due
to deleterious mutations are deleted from the genome. An
alternative hypothesis is gene conversion characterised by a
segmental exchange between alleles of one or of different loci
leading to new alleles (Parham and Otha 1996). Both
hypotheses do not mutually exclude each other, but their
relative importance is controversially discussed (reviewed by
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Fig. 4 Association between specific DRB alleles and gastrointestinal
trichostrongyle nematode load (nematode eggs per gram faeces, epg)
in C. glareolus. See text for details

Fig. 3 Neighbour-joining phylogeny of all identified C. glareolus
alleles (bold letters) in comparison with 30 DRB sequences of 10
different rodent species, using a human sequence as an outgroup.
GenBank accession no. are provided in parentheses. The scale bar
represents the genetic distance and the numbers are bootstrap values>
50 (5,000 replicates)

�
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Martinsohn et al. 1999; Nei and Rooney 2005). In contrast to
the evidence for gene conversion events in the sequence data
of free living species (e.g. Go et al. 2003; Miller and
Lambert 2004; Reusch and Langfors 2005; Richman et al.
2003; Schaschl et al. 2005), we could not find any
significant signs for recombination or gene conversion
events in the bank vole C. glareolus.

The uniqueness of both C. glareolus clusters I and II is
confirmed by phylogenetic analysis with several other
rodent DRB sequences included where these cluster turned
out to be monophyletic. Nevertheless, BLAST search at
GenBank confirmed their homology to the DRB. It seems
that the alleles of the cluster I are no longer expressed
because PS1 was not successfully performed on the cDNA
samples, while at least some alleles of the cluster II and
group III were amplified and thus expressed. The phyloge-
netic analysis revealed that group III alleles belong to
different lineages, which provides further evidence that
group III alleles are under balancing selection pressure and
follow the trans-species mode of evolution. Allelic lineages
are maintained over long periods of time, even across
speciation events. This has been observed in many genera
including rodents (Bryja et al. 2006; Edwards et al. 1997;
Musolf et al. 2004; Seddon and Baverstock 2000). Group
III alleles grouped next to other rodent species in
comparative phylogenetic analysis also indicate that they
are older than the separation of the respective rodent taxa.

As already pointed out, gene duplication is a common
feature of the MHC genes, and duplicated MHC loci
usually are governed by diversifying selection over short
evolutionary time, which may favour their specialisation
(Hughes 1999). In classical mammalian MHC genes,
substitutions in the ABS codons are predominantly replace-
ment substitutions, and therefore, ω (dN/dS) is greater than
one indicating balancing selection (Hughes and Nei 1988,
1989, reviewed by Sommer 2005). However, duplicated
genes might experience a change or even a loss in function
(Nei et al. 1997) and a change in expression divergence (Li
et al. 2005). Once the proteins of duplicated genes have
become specialised for distinct functions, new amino acid
changes are no longer advantageous, and purifying selec-
tion might predominate (Hughes and Friedman 2004). In
other words, the new generated locus could have undergone
a sub- or neofunctionalisation, which imposes it to a new
purifying selection pressure (Zhang 2003, Nei 2005). In this
case, the number of synonymous substitutions might
exceed the non-synonymous rate (dS>dN), resulting in an
apparently MHC atypical ω ratio<1 at the ABS. However,
if the locus would have lost its function and became a
pseudogene, we would expect a ω≈1 as predicted by
neutral theory due to missing selection pressure upon these
alleles and a high nucleotide substitution rate, which should
be more or less equal to the total mutation rate (Nei 2005).

We investigated evidence for selection on MHC class II
DRB in C. glareolus by comparing the non-synonymous to
synonymous substitution ratios (ω). In C. glareolus, as
expected, investigations of DQA sequences indicated strong
positive selection (ω>1; Bryja et al. 2006). Even in A.
terrestris with only five revealed DRB sequences, a positive
selection pressure could be observed by means of a ω>1
(Oliver and Piertney 2006). Contrarily, our study revealed a
strong negative selection pressure (ω≪1) upon the majority
of MHC DRB sequences (clusters I and II), which suggests
purifying selection. Only the DRB sequences of group III
followed the expected pattern, although ω was not
significantly larger than one probably due to the small
number of alleles in this group. As mentioned above,
especially in MHC class II genes, it is very uncommon to
find a ω smaller than one indicating a negative or purifying
selection pressure. Thus, the strong negative selective force
especially upon the non-expressed cluster I is quite
puzzling. To the best of our knowledge, so far, there is
only one study by Jarvi et al. (2004) in Hawaiian honey-
creepers (Drepanidinae) revealing a ω<1. Like our study,
the authors found an allele cluster being under negative
selection (ωDrep. II=0.29) and another one being under
positive or adaptive selection with a ω larger than one
(ωDrep. I=2.38). We hope that ongoing studies investigating
expression divergence in relation to parasites will shed light
upon this puzzle.

The pressure exerted by pathogens is considered as the
major selection component influencing MHC polymor-
phism. Several recent studies confirmed the functional
significance of MHC class II DRB polymorphism in free-
ranging animal population (reviewed by Sommer 2005).
The most common alleles of the expressed cluster II and
group III were used to analyse their association with parasite
burden and their adaptive value. We focused on the most
prevalent trichostrongyle nematodes, H. mixtum and H.
glareoli, which amount for more than 96% of all helminth
infections (Axtner and Sommer, unpublished data) and are,
therefore, the most likely candidates to detect co-evolution-
ary associations. The negative impact of H. mixtum on C.
glareolus has been shown ex situ by an increased infection
and mortality rate under poor quality food and high
transmission efficiency (Haukisalmi and Henttonen 2000).
Common parasite species often exhibit high host specificity
and are supposed to have undergone a close co-evolution
with their host. Contrarily, rare species often have a variety
of different host species, thus are less prevalent than
common ones and are, therefore, less likely to fuel an arms
race between host and parasite (Haukisalmi and Henttonen
2000). In our study population, the allele group Clgl
DRB*20/*27 (cluster II) seemed to be associated with high
susceptibility to gastrointestinal trichostrongyle nematodes,
whereas the allele group Clgl DRB*19/*23/*26 (cluster II)
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and the allele Clgl DRB*21 (group III) are associated with
high resistance to these nematodes. This suggests their
functional difference in resistance to these prevalent
nematode species. Thereby, taking the parasite data into
account, one might argue that the allele group Clgl
DRB*19/*23/*26 belonging to cluster II also seems to be
associated with high resistance to trichostrongyle nema-
todes and thus still has an adaptive value in terms of parasite
resistance. But, in fact, we observed a strong linkage
between the Clgl DRB*26 allele out of this group and the
allele Clgl DRB*21, so high resistance of these cluster II
alleles might just be an artefact of close linkage. If this is
assumed, then the cluster II alleles included in this parasite-
specific analysis (Clgl DRB*20/*27 and Clgl DRB*24)
would show higher parasite loads than group III alleles Clgl
DRB*17 and Clgl DRB*21, which would be consistent with
the overall picture on the evolutionary processes.

Putting all pieces of this puzzle together, our study may
have revealed a snapshot in an evolutionary process of
ongoing birth-and-death evolution. The allele cluster I might
have lost its function and is already silenced, cluster II is
loosing its adaptive value in terms of gastrointestinal
nematode resistance, while a third group of alleles indicates
all signs of classical functional MHC alleles. Ongoing studies
will focus on expression divergence of Clgl DRB alleles in
relation to parasite load to shed light in the ongoing birth-
and-death process of MHC alleles in the bank vole.
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