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Parasite-mediated selection may contribute to the maintenance of genetic variation at host immune genes over long
time scales. To date, the best evidence for the long-term maintenance of immunogenetic variation in natural
populations comes from studies on the major histocompatibility complex (MHC) genes, whereas evidence for such
processes from other immune genes remains scarce. In the present study, we show that, despite pronounced
population differentiation and the occurrence of numerous private alleles within populations, the innate immune
gene Toll-like receptor 2 (TLR2) displays a distinct haplotype structure in 21 bank vole (Myodes glareolus)
populations across Europe. Haplotypes from all populations grouped in four clearly differentiated clusters, with the
three main clusters co-occurring in at least three previously described mitochondrial lineages. This pattern indicates
that the distinct TLR2 haplotype structure may precede the split of the mitochondrial lineages 0.19-0.56 Mya and
suggests that haplotype clusters at this innate immune receptor are maintained over prolonged time in wild bank vole
populations. © 2015 The Linnean Society of London, Biological Journal of the Linnean Society, 2015, 00, 000-000.

ADDITIONAL KEYWORDS: balancing selection — diversity — gene evolution — immunogenetics — main-
tenance of genetic variation — Myodes glareolus — parasite resistance — phylogeography — rodents — TLR2.

INTRODUCTION

Understanding how genetic variation is maintained
in natural populations is a fundamental quest in evo-
lutionary biology. Immune genes frequently display
particularly high diversity, presumably as a result of
parasite-mediated selection (Haldane, 1949). There
are different, non-mutually exclusive processes by
which parasites (i.e. parasitic and pathogenic organ-
isms and agents) may contribute to the maintenance
of genetic variation at host defence genes. First, par-
asites may specialize in the most common host geno-
type, leading to negative frequency-dependent
selection (Takahata & Nei, 1990; Woolhouse et al.,
2002). Second, heterozygous individuals may have a
selective advantage over homozygous individuals (i.e.
overdominance); for example, as a result of enhanced
parasite recognition ability or reduced immunopa-
thology (Doherty & Zinkernagel, 1975; Apanius
et al., 1997; Khor et al., 2007). Finally, variation in
the composition of the parasite community in time
and/or space may lead to fluctuating selection, and
hence contribute to the maintenance of genetic varia-
tion in host populations (Hedrick, 2002).

To date, the best evidence for the maintenance of
immunogenetic variation over long time scales in
natural populations comes from studies on the major
histocompatibility complex (MHC) genes (Hedrick,

*Corresponding author: E-mail: barbara.tschirren@ieu.uzh.ch

1998; Bernatchez & Landry, 2003; Piertney & Oliver,
2006). In humans, a number of other immune loci
with signatures of long-term balancing selection have
been identified (Bubb et al., 2006; Andrés et al.,
2009). In other species, however, evidence for such
patterns outside the MHC complex remains scarce
(Ferguson et al., 2012).

Toll-like receptors (TLRs) are pattern-recognition
receptors that play a key role in the recognition of
intra- and extracellular pathogens. They recognize
essential structures of pathogens (pathogen-associ-
ated molecular patterns; PAMPs) and initiate innate
and adaptive immune responses (Medzhitov, 2001;
Akira, Uematsu & Takeuchi, 2006). Toll-like receptor
2 (TLR2), for example, plays an important role in the
recognition of lipopeptides, crucial components of the
cell membranes of Gram-positive bacteria (Jin et al.,
2007). Genetic polymorphisms at TLRs have been
associated with variation in infectious disease sus-
ceptibility in humans and laboratory animals (Texe-
reau et al., 2005; Netea, Wijmenga & O’Neill, 2012)
and there is accumulating evidence that they play
an important role in mediating host-parasite interac-
tions and disease susceptibility in wildlife (Jackson
et al., 2009; Turner et al., 2011; Tschirren et al.,
2013; Fornuskova et al., 2014; Morger et al., 2014).

It has previously been reported that in a Swed-
ish bank vole Mpyodes glareolus (Schreber, 1780;
Rodentia, Cricetidae) population, TLR2 displays a
high diversity, with haplotypes grouping in three dis-

© 2015 The Linnean Society of London, Biological Journal of the Linnean Society, 2015, oo ee—ee
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tinct clusters (Tschirren et al., 2013). Furthermore,
voles carrying haplotypes of one particular cluster
(co) had a reduced Borrelia afzelii infection rate, and
an analysis of haplotype frequencies and tree topol-
ogy strongly suggested that these ‘protective’ alleles
had evolved under positive selection (Tschirren et al.,
2013). One interpretation of these patterns is that
the high diversity at TLRZ2 is the result of parasite-
mediated selection. However, the distinct TLR2
haplotype structure could also be a result of neutral
processes, such as drift in isolated populations
followed by population admixture. Indeed, eight well-
defined mitochondrial bank vole lineages have been
described in Europe (Deffontaine et al., 2005, 2009;
Kotlik et al., 2006) and there is evidence that in
Southern Fennoscandia, re-colonization after the last
glaciation (approximately 11 000-10 000 years BP;
Jaarola, Tegelstrom & Fredga, 1999) occurred from
separate glacial refugia, creating contact zones
between bank vole lineages that have evolved genetic
differences while they were geographically isolated
(Hewitt, 1999; Jaarola et al., 1999).

In the present study, we sequenced TLR2 from 21
bank vole populations across Europe, belonging to five
previously described mitochondrial lineages, aiming
to test whether the different TLR2 clusters are associ-
ated with different bank vole lineages. If, on the other
hand, the co-occurrence of the distinct TLR2 clusters
is a general feature of this innate immune gene and is
observed in several lineages and populations on a
large geographical scale, this would provide indirect
evidence for the long-term maintenance of TLR2
diversity.

MATERIAL AND METHODS
STUDY SPECIES AND SAMPLING SITES

The bank vole is a common rodent in Europe. Its dis-
tribution ranges from Fennoscandia and the British
Isles to northern Spain, Italy, and Russia (Corbet &
Harris, 1991). For the present study, we caught 385
bank voles at 21 locations in 18 countries for tissue
or hair collection (mean per location of 18.3 animals;
range 10-21) (Table 1; see also Supporting informa-
tion, Table S1). Trapping and tissue or hair sampling
were performed in accordance with the regulations of
the respective countries and performed wunder
licenses provided by the local animal welfare commit-
tees (see Supporting information, Table S1). Dis-
tances between locations ranged from 69 to 4454 km.

TLR2 AND CYTOCHROME B (CYTB) GENOTYPING

Total genomic DNA was extracted from the samples
using a standard extraction method (Laird et al.,

Table 1. Toll-like receptor 2 (TLR2) gene diversity

Population N h Ppriv A p (ns/s)
Total 385 86 38 51 75 (34/41)
ESP 13 6 4 5 18 (9/9)
ITA1 19 9 2 4 23 (6/17)
ITA2 21 9 4 6 21 (8/13)
AUT 17 8 1 4 25 (9/16)
BEL 19 8 2 6 25 (12/13)
CZE 19 10 2 6 10 (5/5)
ENG 17 3 0 2 3 (1/2)
GER1 21 11 3 6 21 (11/10)
NED 10 5 1 3 6 (2/4)
SLO 20 11 3 8 29 (12/17)
SUI 19 6 1 5 24 (11/13)
DEN 19 5 0 3 15 (7/8)
FIN 20 9 2 7 28 (12/16)
GER2 18 7 2 5 25 (11/14)
POL 12 6 0 3 16 (7/9)
RUS 21 12 4 9 25 (13/12)
UKR 20 8 2 6 8 (6/2)
LTU 20 8 1 5 19 (9/10)
NOR 21 3 1 2 2 (1/1)
SCO 19 2 0 2 2 (1/1)
SWE 20 10 3 8 28 (13/15)

N, number of analyzed individuals; A, number of TLR2
haplotypes; Apyiy, number of private haplotypes; A, num-
ber of amino acid variants; p (ns/s), polymorphic sites
(nonsynonymous substitutions/synonymous substitutions)
in the study populations.

1991). We sequenced a 1149-bp fragment of TLR2 for
all individuals (N = 385) (Table 1) in acordance with
previously reported protocols (Tschirren et al., 2012).
The amplified fragment contains the functionally rel-
evant sites involved in pathogen recognition and
TLR heterodimerization (Jin et al., 2007) (see Sup-
porting information, Fig. S1), and we previously
demonstrated molecular signatures of positive selec-
tion during the evolutionary history of rodents
within this gene region (Tschirren, Raberg & Wester-
dahl, 2011). TLR2 amplifications were performed in
a total volume of 10 uL containing 0.2 pL of Jump-
Start Taq DNA Polmyerase (Sigma-Aldrich, Buchs,
Switzerland), 300 M of the primers MglTLR2F: CAT
CCATCACCTGACCCTTC and MgITLR2R: CCAGTA
GGAATCCTGCTCG and 25 ng of genomic DNA.

To assign the different populations to the previ-
ously described mitochondrial bank vole lineages
(Deffontaine et al., 2005; Kotlik et al., 2006), we
sequenced a 1101-bp fragment of the mitochondrial
cytb gene for three to five individuals per population
sensu Kotlik et al. (2006).

Amplifications were performed in a total volume of
10 uL. containing 0.2 pL. of JumpStart Taq DNA
Polymerase (Sigma-Aldrich), 300 M of each primer
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and 25 ng of genomic DNA. The polymerase chain
reaction (PCR) protocol for TLR2 amplification con-
sisted of an initial denaturation step at 94 °C for
1 min, followed by 35 cycles of denaturation at 94 °C
for 30 s, annealing at 57 °C for 30 s, and extension at
72 °C for 90 s, with a final elongation step at 72 °C
for 10 min. For cytb, we used 40 cycles and an anneal-
ing temperature of 52 °C. PCR products were purified
and sequenced in both directions on an ABI Prism
3730 capillary sequencer (Applied Biosystems, Wal-
tham, MA, USA) using Big Dye terminator, version
3.1 (Applied Biosystems). All TLR2 and cytb raw
sequences were trimmed, processed and aligned in
GENEIOUS, version 5.6.5 (Drummond et al., 2009).
Putative polymorphisms identified by the software
were manually verified. TLR2 haplotypes were recon-
structed for each population separately in PHASE,
version 2.1 (Stephens, Smith & Donnelly, 2001) using
the default settings of a thinning interval of 1, 100
burn-in iterations and 100 main iterations, and allow-
ing for recombination (see Supporting information,
Table S2). If a haplotype was observed only once in
the dataset, we repeated the PCR and sequencing
reactions to confirm the sequence and avoid overesti-
mation of diversity as a result of amplification or
sequencing errors. TLR2 and cytb sequences were
submitted to GenBank (TLR2 accession numbers: see
Supporting information, Table S3; cytb accession
numbers: KJ612463-KJ612512).

STATISTICAL ANALYSIS

We quantified genetic diversity at TLR2 in the 21
bank vole populations by calculating the number of
haplotypes, the number of synonymous and nonsyn-
onymous substitutions, and the number of amino
acid variants using DNASP, version 5.10.01 (Librado
& Rozas, 2009). To estimate population differentia-
tion at TLR2, we calculated pairwise Fgr (Weir &
Cockerham, 1984) in ARLEQUIN, version 3.5.1.3
(Excoffier & Lischer, 2010). Sequential Bonferroni
corrections were applied to account for multiple test-
ing. To test whether patterns of haplotype frequen-
cies deviated from neutral expectations, we
calculated Fay & Wu's H (Fay & Wu, 2000). The
empirical distribution of the test statistics was gen-
erated using neutral coalescent simulations in
DNASP (Librado & Rozas, 2009) based on the
observed number of segregating sites, 20 000 repli-
cates, and allowing for a recombination rate of 0.001.
A Mus musculus TLR2 sequence (NM_011905.3) was
used as an outgroup.

We then reconstructed a TLR2 haplotype genealogy
in TCS, version 1.21 (Clement, Posada & Crandall,
2000) by taking synonymous and nonsynonymous sub-
stitutions into account. We wused the resulting

genealogy to assign haplotypes to TLR2 haplogroups
(or clusters, defined as groups of haplotypes that are
separated from other groups of haplotypes by at least
seven mutations) sensu Tschirren et al. (2013). The
three ‘intermediate’ haplotypes in the Italian popula-
tions were separated by more than seven mutations
from the other previously described clusters (cy, co, ¢3)
(see Results) and were therefore treated as a forth
cluster (cy) in the analyses. We tested for deviations of
TLR2 cluster frequencies from Hardy-Weinberg equi-
librium within populations in ARLEQUIN, version
3.5.1.2. (Excoffier & Lischer, 2010). To determine
which of the previously described European bank vole
lineages (Deffontaine et al., 2005; Kotlik et al., 2006)
the different study populations belonged to, we com-
pared the cytb sequences with 14 randomly chosen
cytb sequences from the seven lineages obtained from
GenBank (Basque: EF408066, EF408062; Spanish:
EF408061, EF408060; Italian: AJ639664, AJ639692;
Western: DQ472319, DQ472333; Basal: DQ472327,
DQ472344; Eastern: DQ472347, DQ472346; Carpa-
thian: DQ472253, DQ472339). We excluded the eighth
lineage (Ural) because of its large genetic distance
from all other lineages and because preliminary
analyses showed that we had no representative of this
lineage in our sample. A Neighbour-joining tree (maxi-
mum composite likelihood, 1000 bootstrap iterations)
with the Northern red-backed vole, Myodes rutilus
(Pallas, 1779; Rodentia, Cricetidae) (JF714850), as an
outgroup was created in MEGA, version 6 (Tamura
et al., 2013) and used to assign the cytb sequences to
one of the seven mitochondrial lineages. To further
confirm the robustness of the assignment of the study
populations to the different lineages, we reconstructed
a cytb genealogy in TCS, version 1.21 (Clement et al.,
2000) by taking synonymous and nonsynonymous sub-
stitutions into account. Finally, we used a simulated
annealing approach to identify groups that are maxi-
mally differentiated from each other without taking
geographical constrains into account in SAMOVA,
version 2.0 (Dupanloup, Schneider & Excoffier, 2002).
This lineage classification was then included in an
analysis of molecular variance (AMOVA) in ARLE-
QUIN, version 3.5.1.3 (Excoffier & Lischer, 2010),
which partitions the total TLR2 cluster variation into
covariance fractions, resulting from the variance
among mitochondrial lineages, among populations
within lineage, and within populations. The number
of permutations for this analysis was set to 1000.

RESULTS
MITOCHONDRIAL LINEAGES

The different bank vole populations could be
assigned to one of five previously described mito-
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chondrial lineages (Spanish, Italian, Western, East-
ern, and Carpathian) (Deffontaine et al., 2005; Kotlik
et al., 2006) based on cytb sequencing (Fig. 1; see
also Supporting information, Figs S2, S3).

Groups that were maximally genetically differenti-
ated from each other were identified as (SAMOVA;
K =5): Group 1=ESP; Group 2 =ITAl, ITAZ2;
Group 3 = NOR, SCO, SWE, LTU; Group 4 = RUS,
UKR, DEN, FIN, POL, GER2; Group 5 = AUT, SUI,
ENG, SLO, BEL, NED, GER1, CZE, which is identi-
cal to the lineage assignment of the populations
based on the phylogenetic tree (see Supporting infor-
mation, Fig. S2).

TLR2 HAPLOTYPE DIVERSITY AND DIFFERENTIATION

Genetic diversity at TLR2 was high across bank vole
populations, with 86 haplotypes and 51 amino acid
variants (Table 1). We observed a large number of

private alleles within populations (N = 67) (Table 1),
even among populations in close proximity; for exam-
ple, the two Italian populations ITA1l and ITA2 (see
Supporting information, Fig. S4). Furthermore, we
observed significant TLR2 population differentiation
(Fgr) for most pairwise population comparisons (see
Supporting information, Table S4). An excess of
high-frequency derived haplotypes was observed in
most populations, which is indicative of positive
selection (see Supporting information, Table S5).

TLR2 CLUSTERS

TLR2 haplotypes from all European bank vole popu-
lations grouped in the same, distinct clusters (cq, co,
cg, ¢q) (Fig. 2; see also Supporting information, Fig.
S5, Table S3). Despite the high TLR2 diversity, a
large number of private alleles, and strong popula-
tion differentiation (see above), haplotypes of the

TLR2 cluster

B

0 -

0

@ -

cyth lineage
Spanish

@ italian

. Eastern

. Western

. Carpathian

Figure 1. Toll-like receptor 2 (TLR2) haplotype cluster frequencies and mitochondrial lineage of the sampled bank vole
populations. Population IDs are given within the corresponding TLR2 cluster pie. N = 385 animals; N = 20-42 alleles

per population.
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Figure 2. Toll-like receptor 2 (TLR2) haplotype network. Haplotypes that differ at the amino acid level are labelled
with different numbers (e.g. H1, H2, and H3). Haplotypes that do not differ at the amino acid level are labelled with dif-
ferent letters (e.g. Hla, H1lb, and H1c). Haplotypes are coloured according to clusters: ¢; (blue), ¢y (orange), cs (green), cy

(grey). Each line indicates a change at one nucleotide.

three main clusters (c;_3) were found in the Western,
Eastern, and Carpathian lineages, and two of the
three main clusters (c¢;, c3) were observed in the
Spanish lineage (Fig. 1). Only haplotypes of one pre-
viously described cluster (c;) were present in the
Italian lineage. In addition, a fourth haplotype clus-
ter, restricted to the Italian populations, was
observed (cy) (Figs 1, 2).

AMOVA revealed that mitochondrial
explained 18% of variation in TLR2

lineage
clusters,

whereas population within lineage explained 14% of
variation in TLR2 clusters. Most variation in TLR2
clusters was observed within populations (68%)
(Table 2). In comparison, lineage explained 55% of
cytb variation (see Supporting information, Table
S6). When restricting the AMOVA analysis to the
Western, Eastern and Carpathian lineages, the pro-
portion of variation in TLR2 explained by lineage
dropped to 0.8% (Table 2), showing that the lineage
effect in the overall analysis was a result of differ-
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Table 2. Analysis of molecular variance of Toll-like receptor 2 (TLRZ2) haplotype clusters in bank voles

Sum of Variance %
Level of comparison d.f. squares component Variation P
All lineages
Among lineages 4 21.95 0.032 17.9 0.024
Among populations, within lineages 16 16.47 0.025 13.7 < 0.001
Within populations 749 91.80 0.123 68.4 < 0.001
Western, Eastern, and Carpathian lineages
Among lineages 2 2.76 0.001 0.8 0.299
Among populations, within lineages 15 16.05 0.026 16.6 < 0.001
Within populations 646 82.49 0.128 82.6 < 0.001

ences in the TLR2 composition of the Italian and
Spanish clades. There was no evidence that TLR2
cluster frequencies deviated from Hardy-Weinberg
equilibrium within populations (all nonsignificant
after Bonferroni correction).

DISCUSSION

Molecular genetic analyses revealed a high TLR2
diversity in 21 bank vole populations across Europe.
Although the haplotype composition differed mark-
edly among populations, and a large number of pri-
vate alleles was observed within populations, TLR2
haplotypes from all populations grouped in the same
distinct clusters.

Haplotypes of the three main clusters were
observed in the Western, Eastern, and Carpathian
mitochondrial lineages, and it is possible that we
underestimated TLR2 diversity in the two other lin-
eages (i.e. the Italian lineage where c¢; and c4
occurred, and the Spanish lineage where c¢; and c3
occurred) because fewer samples were analyzed for
these groups. A molecular analysis of variance con-
firmed that most TLR2 cluster variation was present
within populations, rather than among populations
or mitochondrial lineages. Furthermore, the variance
explained by lineage was a result of the very high
frequency of c3 in the Spanish lineage, as well as the
occurrence of a fourth cluster that was restricted to
the Italian lineage. When excluding the Italian and
Spanish clades, the variation explained by lineage
dropped to 0.8% and was no longer significant. It
shows that, at least among the Eastern, Western
and Carpathian clades, there is no association
between TLR2 clusters and mitochondrial lineages.

Interestingly, the finding that TLR2 clusters are
shared among lineages and populations across Eur-
ope is similar to patterns observed at the bank vole
MHC class II (Dga-exon 2) where no genetic struc-
ture was observed at the continental scale and the

mitochondrial lineage explained < 2% of Dga-exon 2
variation (Malé et al., 2012). One interesting hypoth-
esis is that parasites might impose similar selective
pressures on the two immune genes, thereby main-
taining genetic variation in time and space.

Our results suggest that the distinct TLR2 clusters
may precede the split of the bank vole lineages,
which is estimated to have occurred during the
Upper Pleistocene between 0.19 and 0.56 Mya (Def-
fontaine et al., 2009) and that, subsequently, clusters
have been maintained within lineages. Alternatively,
TLR2 clusters may have arisen several times inde-
pendently by convergent evolution after the last gla-
ciation. This, however, appears unlikely given the
large number of populations in which all three clus-
ters were observed. Importantly, both scenarios sug-
gest that the co-occurrence of the three main TLR2
clusters may be favoured by natural selection. Haplo-
types within clusters, on the other hand, do not
appear to be maintained across populations and lin-
eages, as suggested by the strong population differ-
entiation and the large number of private alleles
within populations. This within-cluster differentia-
tion among population is likely the result of popula-
tion isolation and drift, although we can currently
not exclude other evolutionary forces.

Only three haplotypes in the southernmost popula-
tions ITA1 and ITA2 did not group with one of the
three previously described TLR2 clusters. It is possi-
ble that these haplotypes represent a forth cluster
that was lost in other populations during glaciation
but persisted on the Italian peninsula, which
remained largely free of ice (Hewitt, 1999). Alterna-
tively, the occurrence of these ‘intermediate’ haplo-
types could be an indication for relaxed selection in
southern FEurope. Indeed, a strong association
between TLR2 genotype and B. afzelii resistance has
recently been observed in bank voles (Tschirren
et al., 2013) and, although Borrelia sp. are common
tick-transmitted pathogens in most parts of Europe
(Lindgren & Jaenson, 2006), they are absent in cen-
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tral Italy where populations ITA1 and ITAZ2 are situ-
ated (Cimmino et al., 1992). Reduced parasite-medi-
ated selection and/or bottlenecks during post-glacial
recolonization could also explain the low TLR2 diver-
sity observed in populations at the northern periph-
ery of the species range (i.e. Norway and the British
Isles).

Interestingly, in Spain, the Borrelia genospecies
‘R57 is highly prevalent (but absent in other parts of
Europe), as is the otherwise rare TLR2 cluster cs
(Gil et al., 2005; Barandika et al., 2007). Testing for
interactive effects between different Borrelia species
and TLR2 clusters will thus be a fruitful next step to
better understand why the distinct TLR2 clusters
are maintained within bank vole lineages and popu-
lations, and why some TLR2 clusters are common in
some populations but rare in others. Furthermore,
TLR2 is involved in the recognition of other patho-
gens (Lien et al., 1999; Medzhitov, 2001), which con-
stitute multiple selective forces on TLR2 and may
contribute to the observed patterns of TLR2 diversity
and differentiation across Europe.

Besides interactions between host genotype and
parasite strains or species (i.e. host G x parasite G
interactions), other processes could contribute to
the maintenance of TLRZ2 clusters within popula-
tions. For example, overdominance appears to play
a role in the maintenance of diversity at the MHC
(Doherty & Zinkernagel, 1975; Apanius et al., 1997,
Oliver, Telfer & Piertney, 2009) and has also been
suggested to contribute to the maintenance of
genetic variation at TIRAP, an adaptor in the TLR
signalling pathway (Khor et al., 2007). However,
we found no evidence for an excess of TLR2 het-
erozygotes in our study populations. Alternatively,
negative-frequency  dependent selection might
underlie the maintenance of TLR2 clusters within
populations (Tanaka & Nei, 1989; Woolhouse et al.,
2002).

In conclusion, the present study shows that TLR2
haplotypes group in distinct clusters in bank vole
populations across Europe. Because haplotypes of
the three main TLR2 clusters were found in at least
three mitochondrial lineages, our results suggest
that selection maintains genetic supertypes at this
innate immune receptor in time and space.
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