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Abstract 
The major histocompatibility complex (MHC) has been intensively studied for the relative effects of different evolutionary forces in recent 
decades. Pathogen-mediated balancing selection is generally thought to explain the high polymorphism observed in MHC genes, but it is 
still unclear to what extent MHC diversity is shaped by selection relative to neutral drift. In this study, we genotyped MHC class II DRB 
genes and 15 neutral microsatellite loci across 26 geographic populations of European badgers (Meles meles) covering most of their 
geographic range. By comparing variation of microsatellite and diversity of MHC at different levels, we demonstrate that both balancing 
selection and drift have shaped the evolution of MHC genes. When only MHC allelic identity was investigated, the spatial pattern of MHC 
variation was similar to that of microsatellites. By contrast, when functional aspects of the MHC diversity (e.g., immunological supertypes) 
were considered, balancing selection appears to decrease genetic structuring across populations. Our comprehensive sampling and ana-
lytical approach enable us to conclude that the likely mechanisms of selection are heterozygote advantage and/or rare-allele advantage. 
This study is a clear demonstration of how both balancing selection and genetic drift simultaneously affect the evolution of MHC genes in 
a widely distributed wild mammal.
Keywords: balancing selection on supertype, genetic drift, major histocompatibility complex, European badgers, pathogen-mediated selection, genetic 
diversity

How the diversity of polymorphic genes is maintained in nat-
ural populations is one of the central questions in evolution-
ary biology. Balancing selection maintains genetic diversity 
at loci important for adaptation, while positive selection and 
demographic processes such as genetic drift may cause an al-
lele to either be fixed or lost randomly (Nei et al., 1975). The 
extent to which genetic variation at adaptive loci is shaped by 
selection has been an area of intense interest. The major histo-
compatibility complex (MHC) genes are ideal candidates for 
studying this topic, due to their highly polymorphic nature 
and important role in the adaptive immune system (Piertney 
& Oliver, 2006; Radwan et al., 2020; Spurgin & Richardson, 
2010). They encode a variety of cell-surface glycoproteins, 
which bind pathogen peptides and present them to T cells 
to trigger the adaptive immune response (Matsumura et al., 
1992; Swain, 1983). Both selection and neutral processes 
could play a role in shaping MHC diversity, however, how 
these two distinct forces interact to shape the MHC diversity, 
specifically how variation at the genetic and functional levels 
is preserved across a large spatial scale for a long period of 
time, remains unclear.

The maintenance of MHC polymorphism in wild popu-
lations has been generally attributed to pathogen-mediated 
balancing selection (PMBS), with relatively less attention on 
the roles of sexual selection (Bernatchez & Landry, 2003; 

Edwards & Hedrick, 1998; Jeffery & Bangham, 2000; 
Martinsohn et al., 1999; Penn & Potts, 1999; Radwan et al., 
2020; Spurgin & Richardson, 2010). A strong theoretical 
framework has been established to explain the mechanisms 
of PMBS, including heterozygote advantage, fluctuating selec-
tion, and rare-allele advantage/negative frequency depen-
dent selection (Apanius et al., 1997; Bernatchez & Landry, 
2003; Doherty & Zinkernagel, 1975; Hill, 1991; Hughes & 
Nei, 1988; Spurgin & Richardson, 2010; Takahata & Nei, 
1990). The divergent allele advantage hypothesis was later 
developed based on heterozygote advantage (Wakeland et al., 
1990). However, it remains difficult to tease apart the specific 
mechanism, since the alternatives are not mutually exclusive 
(Bernatchez & Landry, 2003; Piertney & Oliver, 2006). One 
approach to determining the mechanisms driving MHC vari-
ation is to compare the spatial structuring at MHC relative 
to that at neutral loci in a natural setting (Figure 1; Alcaide 
et al., 2008; Ekblom et al., 2007; Evans et al., 2010; Li et al., 
2016; Radwan et al., 2020; Spurgin & Richardson, 2010). 
Under different pathogen-mediated selection mechanisms, 
the spatial structuring of MHC genes relative to neutral loci 
could be either stronger or weaker (Figure 1). If the structur-
ing at MHC is similar to that of neutral loci, it implies neutral 
processes could be the dominating force shaping MHC diver-
sity. However, the specific nature of the rare alleles affected 
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by negative frequency dependent selection further compli-
cates the issue, as whether the rare allele is evolutionarily 
old (i.e., previously common in the population but now rare) 
or newly mutated can be confounded with the outcomes of 
heterozygote advantage/divergent allele advantage and fluc-
tuating selection (Spurgin & Richardson, 2010). Both fluc-
tuating selection and negative frequency dependent selection 
that favors newly mutated rare alleles can result in greater 
structuring at MHC than neutral loci, while heterozygote 
advantage and negative frequency dependent selection favor-
ing evolutionarily old rare alleles have the opposite effect 
(Spurgin & Richardson, 2010).

Indeed, different patterns of geographic structuring of 
MHC have been detected in wild populations, but a stronger 
structuring at MHC than neutral loci has been more com-
monly reported (e.g., Cammen et al., 2011; Eizaguirre et al., 
2012; Ekblom et al., 2007; Landry & Bernatchez, 2002; Li 
et al., 2016; Loiseau et al., 2009; Miller et al., 2001). Most 
studies conclude that this pattern of population structuring 
was due to diversifying selection across populations driven by 
locally specific pathogens. Such fluctuating selection, defined 
by fluctuations in the direction of selection due to spatial-tem-
poral heterogeneity in composition and abundance of patho-
gens caused by external abiotic or biotic factors, can result 
in a higher spatial structuring at MHC over neutral loci and 
maintain MHC diversity (Figure 1; Radwan et al., 2020; 
Spurgin & Richardson 2010).

In addition to selection, genetic drift and demographic 
events will also shape MHC variation. When population size 
becomes small and gene flow is restricted, the effect of genetic 
drift may exceed that of balancing selection, causing a reduc-
tion in or loss of MHC diversity (Campos et al., 2006; Miller 
et al., 2010; Miller & Lambert, 2004; Strand et al., 2012; 

Zhai et al., 2017). However, high MHC polymorphism may 
persist in some small populations or after a genetic bottleneck 
(Aguilar et al., 2004; Minias et al., 2019; Zhang et al., 2018). 
On the other hand, strong gene flow can result in there being 
no spatial structuring in MHC over a large geographic scale 
(Gillingham et al., 2017). The extent to which, and under 
what conditions, adaptive MHC genes are influenced by neu-
tral drift and gene flow relative to selection is still not well 
understood.

To date, many different statistical measures were used to 
capture MHC diversity. For example, studies investigating 
spatial MHC diversity often report only one population sta-
tistic (e.g., FST or ФST) based on either individual alleles or 
allelic lineages (Babik et al., 2008; Biedrzycka & Radwan, 
2008; Bichet et al., 2015; Ekblom et al., 2007; Landry & 
Bernatchez, 2002; Loiseau et al., 2009). The commonly used 
FST based on the individual allele does not include the infor-
mation at the sequence level. However, the unit for selec-
tion to act on (e.g., allelic identity vs. sequence) could vary 
among study systems. Only reporting one of the statistics 
might therefore bias the conclusions toward either drift or 
selection due to the complex nature of MHC evolution. To 
consider the functional aspect, MHC alleles can be grouped 
into immunological supertypes based on the similarity of 
their binding repertoires (Sidney et al., 1996). Earlier models 
of PMBS have not considered this immunological aspect of 
MHC genes, and earlier studies very often did not test differ-
ent levels (e.g., supertype vs. allelic levels) of MHC diversity 
systematically. The balancing selection on supertype hypoth-
esis has recently been proposed for explaining trans-species 
polymorphism (Lighten et al., 2017; but see Ejsmond et al., 
2018; Herdegen-Radwan et al., 2021), but it may also explain 
the maintenance of diversity and lack of spatial structuring 

Figure 1. Predictions of the geographic structuring at major histocompatibility complex (MHC) arising from (A) different models of pathogen-mediated 
selection and (B) balancing selection on supertype hypothesis. (A) In continuous populations where the gene flow is restricted by dispersal, three 
potential scenarios of population structuring between MHC and neutral markers were predicted (i.e., stronger structuring at MHC, equal structuring at 
MHC and neutral loci, and weaker structuring at MHC). A steeper slope indicates a higher level of population structuring. Stronger structuring at MHC 
than microsatellites indicates higher divergence at MHC than neutral expectation, which could be driven by fluctuating selection or rare-allele advantage 
that favors novel rare alleles due to the distinct pathogen-mediated selective pressure in different local environments. Fluctuating selection is defined 
by the fluctuations in the direction of selection due to spatial-temporal heterogeneity in composition and abundance of pathogens caused by other 
factors than host-pathogen coevolution (Spurgin & Richardson, 2010). Rare-allele advantage (aka. negative-frquence dependecne seletion, NFDS) is 
charaterized by the cyclical host-pathogen co-evolutionary arms race. If drift plays a dominating role in shaping MHC diversity, the structuring at MHC is 
predicted to be similar to that of microsatellites, assuming a similar mutation rate. On the other hand, a weaker structuring at MHC than microsatellite 
due to sharing of similar MHC alleles by distant populations could be driven by divergent allele advantage/heterozygote advantage and rare-allele 
advantage that favors evolutionarily old rare alleles. (B) Balancing selection on supertype hypothesis proposes that MHC alleles should be grouped into 
immunological supertypes based on similarities of the physicochemical properties of the peptide-binding sites, and alleles in each supertype should 
have a similar binding repertoire. This hypothesis predicts a weaker population structuring of MHC at the functional/supertype level than that at the level 
of allelic identity, due to the action of balancing selection on MHC supertypes. The statistics that can be used to investigate between-population MHC 
diversity are indicated below the lines (see Materials and methods and Supplementary Material S1 for the details of the statistics).
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of MHC genes across populations. The hypothesis proposes 
that different evolutionary mechanisms can operate at the 
supertype versus allelic levels, in which balancing selection 
is more likely to operate at the functional level defined by 
the supertypes. A weaker structuring at the functional level 
of MHC genes is therefore predicted under this hypothesis 
(Figure 1; Herdegen-Radwan et al., 2021), while neutral pro-
cesses like genetic drift may have a larger effect at the allelic 
level. However, empirical support for this hypothesis is still 
rare (Herdegen-Radwan et al., 2021; Lighten et al., 2017; 
Vlček et al., 2016).

Additionally, relative signals of diversifying selection, bal-
ancing selection, or genetic drift on MHC genes has been 
proposed to depend on the spatial or temporal scales of the 
study (Herdegen et al., 2014). Comprehensive knowledge and 
sampling are therefore crucial to a proper understanding of 
the underlying mechanisms that have shaped MHC diversity. 
The European badger (Meles meles) is an ideal species in this 
regard, as it has been extensively studied regarding its popula-
tion structure (Frantz et al., 2014; Guerrero et al., 2018; Pope 
et al., 2005), demographic history (Frantz et al., 2014; Pope 
et al., 2005), mating system (Annavi et al., 2014; Dugdale et 
al., 2007; Sin et al., 2015), communication (Buesching et al., 
2016; Sin et al., 2012c), pathogens and immunity (Corner et 
al., 2011; Bilham et al., 2013; Lizundia et al., 2011; Sin et al., 
2014, 2016), and MHC genes (Abduriyim et al., 2017, 2019; 
Sin et al., 2012a, b, 2015). M. meles is a nocturnal and fos-
sorial carnivore. It has an extensive geographic distribution 
across Europe, extending from the British Isles to the Middle 
East (Macdonald et al., 2004; Rogers et al., 1997; Rosalino et 
al., 2004; Roper, 2010). Badger numbers in multiple European 
populations were reduced historically due to human-mediated 
habitat modification and/or disease management in the mid-
20th Century (Griffiths & Thomas, 1993; van der Zee et al., 
1992; Wilson et al., 1998). Some northern populations (e.g., 
Sweden, Britain, Ireland, Denmark, Norway, etc.) were shown 
to have experienced genetic bottlenecks, which resulted in 
reduced neutral genetic diversity (Frantz et al., 2014; Pope 
et al., 2005). Furthermore, peripheral populations in Iberia, 
Ireland, Britain, Denmark, and Scandinavia were shown to be 
well differentiated from the remaining mainland populations, 
probably due to post-glacial expansion processes (Frantz 
et al., 2014). However, it remains unknown whether such 
demographic processes also left a signal in adaptive genes, 
e.g., the MHC genes, in M. meles. Furthermore, a pronounced 
isolation-by-distance (IBD) relationship detected at both the 
local and global scales (Pope et al., 2005), and the philopatric 
behavior of this species (Woodroffe et al., 1995), suggest that 
gene flow is limited, which makes M. meles an ideal candidate 
in which to study the relative roles of drift and selection.

The MHC genes of M. meles have been characterized for 
both class I (mainly responsible for recognizing intra-cellu-
lar peptides) and class II genes (mainly responsible for rec-
ognizing extra-cellular peptides), with evidence of balancing 
selection being found (Abduriyim et al., 2017, 2019; Sin et 
al., 2012a, b). MHC-assortative mate choice based on the 
DRB gene, the most polymorphic MHC class II gene (Sin et 
al., 2012b) was detected in a British population (Sin et al., 
2015). This mate choice behavior was proposed to explain 
the low MHC polymorphism observed in the British popu-
lation, in addition to the effects of genetic drift due to bot-
tlenecks. Meanwhile, support for PMBS was also found in 
M. meles in a British population (Sin et al., 2014). Whether 

those populations outside Britain that did not go through bot-
tlenecks also exhibit a low degree of MHC polymorphism 
is unknown. Continent-wide sampling offers the potential 
to provide a deeper understanding of MHC evolution in the 
species.

In this study, we investigated whether MHC diversity in M. 
meles was shaped by selection, drift, or gene flow. We geno-
typed the MHC class II DRB genes and 15 microsatellite loci 
across 26 geographic populations, which spanned most of its 
biogeographic range. By comparing the population genetic 
structure of MHC and microsatellite loci, we determined the 
relative roles of past demographic events, genetic drift, and 
selection in shaping spatial MHC diversity, and identified the 
likely PMBS mechanism (See Supplementary Material S1 for 
the analytical framework). We conducted the analysis at three 
levels (i.e., allelic identity, amino acid sequence, and super-
type) to investigate the genetic structuring of MHC relative 
to that of microsatellites. This analytical approach allows us 
to test the effects of evolutionary forces at different levels, 
and specifically to test the balancing selection on supertype 
hypothesis. This study clearly demonstrates how both selec-
tion and genetic drift can simultaneously influence the evolu-
tion of a functionally important gene family.

Materials and methods
Sample collection
We collected tissue or hair samples from a total of 499 
individuals from one Middle Eastern country (Israel) 
and 16 European countries (including Austria, Belgium, 
Croatia Denmark, France, Germany, Britain, Ireland, Israel, 
Italy, Luxembourg, Poland, Portugal, Serbia, Sweden, and 
Switzerland). Since most of the samples in the present study 
are the same as in previous studies (Frantz et al., 2014; Pope 
et al., 2005), we followed previously defined criteria to assign 
samples into several geographic populations. Only samples 
from Great Britain and Poland were sub-divided into differ-
ent populations, thus giving rise to a total of 26 geographic 
populations in our study (Supplementary Material S2). Tissue 
samples from road-killed or legally harvested individuals 
were stored in 96% ethanol until DNA extraction. DNA 
was extracted from tissue samples using an ammonium ace-
tate-based salting-out procedure (Miller et al., 1988), while 
a Chelex protocol (Walsh et al., 2013) was used for hair 
samples.

MHC genotyping
The ability of MHC class II molecules to distinguish differ-
ent suits of pathogen peptides relies on their peptide-bind-
ing sites (PBSs; Swain, 1983), which are on the β1 domain 
encoded by exon 2. We, therefore, genotyped the exon 2 
of the MHC class II DRB genes, in which at least two loci 
were found (Abduriyim et al., 2017; Sin et al., 2012b, 2015). 
Individuals were genotyped using reference strand-mediated 
conformation analysis (RSCA) and cloning and sequencing. 
We first amplified exon 2 of the DRB genes using published 
primers designed specifically to badgers (Meme-DRBex2F 
and MEME-DRBex2R; Sin et al., 2012b). The amplified 
MHC sequences were then genotyped using RSCA following 
Sin et al. (2015). The identities of the alleles in RSCA were 
confirmed by cloning and sequencing following the protocols 
in Sin et al. (2012b, 2015). Each clone were both sequenced 
and analyzed by RSCA. Each RSCA allele were verified by 
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five different clones from three individuals on average. 
All RSCA alleles were unique MHC alleles, except for one 
RSCA allele that contains two alleles (Meme-DRB*04 and 
Meme-DRB*13). These two alleles differed by just a single 
base pair could not be separated by RSCA only, and were 
sequenced using the newly-designed forward primer 5ʹ-CT-
GATGCAGTTTAAGGGC-3ʹ, and reverse primer 5ʹ-CTCGC-
CGCTGCACC-3ʹ (Meme-DRBex2R) from Sin et al. (2012b).

Microsatellite genotyping
Out of 499 individuals, 421 individuals originating from all 
countries were genotyped using 18 microsatellite markers 
(Mel 101–Mel 104, Mel 106–Mel 108, Mel102, Mel112–
Mel115 and Mel117 (Carpenter et al., 2003); Mel1, Mel10, 
Mel12, Mel14I, and Mel15 (Domingo-Roura et al., 2003)) 
following procedures described in Frantz et al. (2014). Since 
three loci (Mel12, Mel102, and Mel110) were poorly geno-
typed for some populations, only 15 loci were included in 
downstream analyses. In Great Britain, microsatellite data 
were not obtained for five populations (i.e., Ipswich, Carlisle, 
Leeds, Middlesbrough, and Scarborough).

Data analysis
Phylogenetic analysis
Phylogenetic trees were constructed using MrBayes 3.1.2 
(Ronquist & Huelsenbeck, 2003). Model testing was first 
performed using JModelTest (Posada, 2008) to ascertain the 
best-fit model of nucleotide substitution, which was identi-
fied as the general time-reversible model with gamma distrib-
uted rates. A Markov chain Mont Carlo (MCMC) sampling 
procedure was run for 30,000,000 generations. The mean 
standard deviations of split frequencies were <0.01. The first 
25% of the tree samples were discarded as burn-in. MHC 
DRB exon 2 sequences of M. meles and other related species 
(Meles anakuma, Meles canescens, Meles leucurus, Gulo gulo, 
Mustela itatsi, Mustela sibirica, Mustela lutreola, Enhydra 
lutris, Taxidea taxus, Zalophus californianus, Canis latrans, 
Canis lupus, and Canis familiaris; see Figure 4 for the acces-
sion number) were included in the phylogenetic analysis to 
determine if there is a signal of trans-species polymorphism 
in DRB genes, which is a common phenomenon of MHC 
genes. The DRB exon 2 sequence from Homo sapiens was 
also included as an outgroup.

Selection analysis
We detected the presence of recombination using GARD 
(Kosakovsky Pond et al., 2006) implemented in HyPhy 
(Kosakovsky Pond et al., 2019) prior to selection inference. 
One significant recombination breakpoint was detected, thus 
data were partitioned into two parts and tested for positive 
and purifying selection using MEME (Murrell et al., 2012), 
FEL (Kosakovsky Pond & Frost, 2005), FUBAR (Murrell 
et al., 2013), and SLAC (Kosakovsky Pond & Frost, 2005) 
implemented in HyPhy. In addition, the rates of synonymous 
(dS) and non-synonymous (dN) substitutions were also cal-
culated separately for PBS and non-PBS using HyPhy imple-
mented in MEGA7 (Kumar et al., 2016), according to the 
method of Nei and Gojobori (Nei & Gojobori, 1986) with 
Jukes and Cantor (Jukes & Cantor, 1969) correction. The 
prior assignment of PBS and non-PBS were based on human 
MHC class II HLA molecules (Reche & Reinherz, 2003). A 
ratio ω (non-synonymous over synonymous substitutions, 
dN/dS) larger than 1 indicates positive selection.

MHC supertype grouping
We grouped the identified MHC alleles into four immunolog-
ical supertypes based on similarities of the physicochemical 
properties of the putative PBSs and positively selected sites 
inferred from the selection analysis (Herdegen-Radwan et al., 
2021; Lighten et al., 2017). The positively selected sites are 
likely to be involved in peptide binding, because their posi-
tions are near the putative PBSs and they were under positive 
selection. We first used principal component analysis (PCA; R 
package stats) and multidimensional scaling (MDS; R pack-
age vegan) to examine the relationships among all putatively 
functional DRB alleles in M. meles (including previously iden-
tified alleles from GenBank) based on the amino acid distance. 
Both Sandberg’s and Grantham’s distances (Grantham, 1974; 
Sandberg et al., 1998) were used to calculate the amino acid 
distance between each pair of alleles (R package MHCtools). 
The Sandberg’s distance depends on five amino acid physico-
chemical descriptors (z1, hydrophobicity; z2, steric bulk; z3, 
polarity; z4 and z5, electronic effects), while Grantham’s dis-
tance depends on three properties of an amino acid (compo-
sition, polarity, and molecular volume). Next, we used ward 
hierarchical clustering method to group the alleles into super-
types using the five amino acid physicochemical descriptors. 
Results from the PCA, MDS, and clustering analyses suggest 
that alleles identified in this study can be grouped into four 
supertypes (Supplementary Material S4).

Within population diversity analysis
It is common to amplify more than one MHC locus at a time, 
making it difficult to assign specific alleles to their correspond-
ing locus due to concerted evolution, recombination between 
alleles and possible copy number variation (Abduriyim et al., 
2017; Eimes et al., 2011; Ekblom et al., 2007; Gillingham et 
al., 2017; Lighten et al., 2014; Loiseau et al., 2009; Miller 
et al., 2010; Siddle et al., 2010; Strand et al., 2012; Wong 
et al., 2022). We therefore used several commonly employed 
statistical indices in place of the more usual locus-based sta-
tistics (e.g., observed heterozygosity). We first used average 
percentage difference (APD) to reflect general MHC with-
in-population diversity. The APD was calculated by averag-
ing the percentage of nucleotide alleles not shared between 
two individuals in the populations. The APD does not rely on 
allelic frequency (Gillingham et al., 2017; Lynch, 1990, 1991; 
Miller et al., 2010). Next, we used mean number of sequences 
per individual (MHC/Ind) to estimate MHC heterozygosity 
in a population; total sequences per population size (MHC/
Pop) and theta k (θ k) to estimate MHC allelic richness for 
each population; and π (mean number of pairwise differ-
ences between all pairs of MHC alleles) to reflect nucleotide 
diversity of MHC in a population. The use of MHC/Ind as 
an estimator of MHC heterozygosity assumes that there is no 
copy number variation. Both θ kand π were calculated using 
Arlequin 3.1 (Excoffier & Lischer, 2010). Since few individ-
uals (N = 4–9) were sampled for most of the populations in 
Great Britain, and small sample sizes are often associated with 
inaccurate estimates and unreliable results (Fumagalli, 2013; 
Pruett & Winker, 2008; Subramanian, 2016), all individuals 
from Great Britain were combined into one single population 
in the following analysis. We considered that this treatment 
would not significantly affect our results and interpretations 
because (a) all populations in Great Britain showed very sim-
ilar levels of MHC diversity (Figure 1 and Table 1); and (b) 
our aim is to investigate the spatial MHC diversity over the 
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whole range of distribution instead of at local scale. Next, 
we compared the above measures of MHC within-popula-
tion diversity using Pearson’s product–moment correlation 
test in R (package stats), with the p values corrected by the 
Benjamini–Hochberg procedure (Haynes, 2013). If a popu-
lation has a high number of alleles and high heterozygosity, 
then the inter-individual difference in the population is also 
very likely to be high. Therefore, it was expected that the APD 
would positively correlate with MHC/Ind, MHC/Pop, andθ k

. We also compared the values of APD and MHC/Pop for dif-
ferent populations using Kruskal–Wallis and Mann–Whitney 
U tests in R (package stats).

Next, for microsatellite diversity, mean number of alleles, 
mean number of private alleles, mean expected heterozygosity 
(He), and mean observed heterozygosity (Ho) for each popula-
tion were calculated using GenAlEx 6.5 (Peakall & Smouse, 
2006, 2012). Mean allelic richness per locus was calculated 
using FSTAT 2.9 (Goudet, 1995) with 1,000 resamplings. 
Small populations (N < 14) were removed from allelic rich-
ness analysis. In the British populations, microsatellite data 
were only available from three populations. These three 
populations, in Ipswich, North Scotland, and South Wales, 
had been demonstrated to be genetically distinct previously 
(Frantz et al., 2014; Pope et al., 2005). We, therefore, calcu-
lated the above microsatellite statistics separately for these, 
and used the mean value to represent the overall population 
in Great Britain in subsequent analyses. Next, to test for the 
effect of genetic drift, we compared measures of within-popu-
lation diversity at MHC and microsatellite loci using Pearson’s 
product–moment correlation test in R (package stats), with p 
values corrected by the Benjamini–Hochberg procedure.

Population differentiation analysis
Since mixed MHC data from more than one locus often vio-
lates assumptions of many commonly used population sta-
tistics (e.g., mixed inheritance pattern in the case of copy 
number variation, Hardy–Weinberg equilibrium), we there-
fore employed several approaches to calculate the fixation 
index at MHC genes (e.g., Bichet et al., 2015; Gillingham et 
al., 2017; Miller et al., 2010). We analyzed the data at two 
levels (i.e., allelic identity vs. functional level). At the level 
of allelic identity, we used three approaches (i.e., FST(MHC), 
FST(MHC RFLP), and RhoST(MHC); see Supplementary Method for 
details) to calculate fixation index at MHC. In brief, FST(MHC) 
was calculated by inputting allelic frequency as haplotype 
data, and FST(MHC RFLP) was calculated with each allele treated 
as absence or presence like RFLP data, using Arlequin 3.1. 
The RhoST(MHC) were calculated using SPAGeDi by inputting 
the DRB alleles from each individual as polyploid data at a 
single locus, following Gillingham et al. (2017). Since FST(MHC) 
was highly correlated with both FST(MHC RFLP) (rM = 0.96, p = 
<.001) and RhoST(MHC) (rM = 0.97, p = <.001; Supplementary 
Material S5), we only reported the results of FST(MHC) in sub-
sequent analyses.

At the functional level, we used four indexes (i.e., ФST(MHC 

nucleotides), ФST(MHC G-distance), ФST(MHC S-distance), and FST(MHC supertype)) to 
calculate the pairwise genetic population differentiation dis-
tance using Arlequin 3.1. ФST(MHC nucleotides) considers the allelic 
genealogy, which is calculated by inputting both allelic fre-
quencies and DNA sequences as haplotype data. Jukes & 
Cantor model (Erickson, 2010) was used to calculate the 
allelic distance. For both ФST(MHC G-distance) and ФST(MHC S-distance), 
a matrix of pairwise amino acid distance (i.e., based on the 

Grantham’s distance or Sandberg’s distance, respectively) 
among MHC alleles were used to calculate the fixation index. 
FST(MHC supertype), as another measure of MHC functional differ-
entiation, was calculated based on supertype frequency. The 
input setting in Arlequin 3.1 implies that the allelic frequency 
is calculated as the total number of individuals in a popu-
lation carrying a particular allele, divided by the total allele 
count observed in the population. Note that this method of 
calculating allelic frequency may overestimate the frequency 
of rare alleles or underestimate the frequency of common 
alleles. This way of calculating allelic frequency and treating 
MHC data as haplotypic data in Arlequin 3.1 are commonly 
used when alleles cannot be assigned to their corresponding 
loci (Ekblom et al., 2007; Loiseau et al., 2009; Miller et al., 
2010).

To investigate whether the genetic structuring at MHC is the 
result of previous demographic events, MDS was conducted in 
R (package vegan) to visualize the population differentiation 
pattern at MHC based on the pairwise FST(MHC). The exact test 
of population differentiation (Goudet et al., 1996; Raymond 
& Rousset, 1995) was also performed using Arlequin 3.1 to 
test for population differentiation at MHC loci. To disentan-
gle the effects of drift, selection, and the likely PMBS mech-
anisms on MHC, we tested for an IBD relationship at the 
MHC while considering the effects of stochastic demographic 
processes. If genetic drift is the dominant force driving spatial 
MHC variation, then we would expect the degree of pop-
ulation structuring at MHC to be similar to that at micro-
satellites. We first performed a simple Mantel test to test for 
the correlation between pairwise genetic distance at the MHC 
and pairwise geographic distance in R (package vegan). Next, 
both partial Mantel test and multiple regression on distance 
matrices (MRM) were further applied to consider the effects 
of stochastic demographic processes (Legendre & Fortin, 
2010; Lichstein, 2007; Shirk et al., 2018). The MRM has 
been extensively used in landscape genetic studies (Balkenhol 
et al., 2009; Peterman & Pope, 2021), as a supplement to the 
partial Mantel test, to test the associations between several 
variables using matrix data (e.g., Andrew et al., 2012; Kanno 
et al., 2011). In the partial Mantel test, the pairwise genetic 
distance at microsatellite loci (FST(Microsatellites) or RST(Microsatellites)) 
was input as the third matrix. The geographic coordinates for 
each population were obtained by averaging the coordinates 
of all individuals in that population. The pairwise genetic dis-
tances were first transformed into FST/(1 - FST), and then tested 
for their correlations with the natural logarithm of geographic 
distance (kilometers). Pairwise FST(Microsatellites) and RST(Microsatellites) 
were both calculated using Arlequin 3.1. In MRM, multiple 
linear regression was performed in R (package ecodist). Both 
pairwise genetic distance at microsatellite loci and pairwise 
geographic distance were input as the explanatory variable, 
while the genetic distance at MHC was input as the predicted 
variable. Due to the nonindependence nature of the pairwise 
data, the statistical significance of the model was inferred 
with 10,000 permutations. In addition, an analysis of molec-
ular variance (AMOVA) was performed using Arlequin for 
both MHC and microsatellite loci.

To examine the effects of the MHC allele grouping treat-
ment on the spatial structuring of MHC supertypes, we per-
formed a simulation to randomly assign MHC alleles into 
supertypes, with the allele frequency remained unchanged and 
the number of alleles in each supertype stayed constant. Five 
thousand iterations were performed for the randomization. 
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Mantel tests were then conducted for the iterations to obtain 
a distribution of 5,000 rM values, in order to determine the 
effect of grouping alleles into supertypes on the rM values.

Results
MHC genotyping
In total, 434 individuals from 26 populations were geno-
typed at MHC class II DRB loci (Figure 2; Supplementary 
Materials S6 and S7). Eighteen alleles were identified, 
eight of which (Meme-DRB*21–Meme-DRB*27; Meme-
DRB*PS04) were newly described. Two alleles, Meme-
DRB*01 and Meme-DRB*02, were the most frequent 
across the range of distribution. Allele Meme-DRB*01 was 
shared in all populations but was rare in Israel, and allele 
Meme-DRB*02 occurred in all populations with varying 
frequencies, but was absent from Israel. Four private alleles 
(Meme-DRB*03, Meme-DRB*24, Meme-DRB*26, and 
Meme-DRB*27) were found in Britain, Sweden, Croatia, 
and Israel, respectively. All identified alleles were putatively 
functional, except two (Meme-DRB*PS01N and Meme-
DRB*PS04) that had pseudogenic features as a nucleotide 
deletion at the same position at the end of exon 2 caused a 
frameshift. The amplicon length for the putative functional 
alleles was 248 bp, spanning the majority of the exon 2. No 
sequence length variation was found among these alleles. 
Notably, two alleles (Meme-DRB*01 and Meme-DRB*08) 
had different nucleotide composition but had an identical 
amino acid sequence (Figure 3).

The number of putatively functional alleles found per indi-
vidual ranged from 2 to 5 (162 individuals with 2 alleles, 
143 individuals with 3 alleles, 118 individuals with 4 alleles, 
and 11 individuals with 5 alleles), suggesting that at least 2 
functional MHC class II DRB loci in most individuals of M. 
meles (Sin et al., 2015), with potential copy number variation 
that some individuals had at least 3 loci (Abduriyim et al., 
2017). The individuals with five alleles included four individ-
uals from Belgium, two from France and Luxembourg, and 
one from each of Israel, Serbia, and Spain, respectively.

Positive selection at MHC
There was evidence of historical selection on MHC class II DRB 
genes. Two codons were detected to be under positive selection 
(p < .1) using MEME, and four codons were detected to be under 
positive selection (posterior probability > .9; Supplementary 
Material S8) using FUBAR. These positively selected codons 
detected by both methods are within or near the putative PBS 
inferred from the human HLA molecule (Figure 3). Outside the 
PBS, seven and one codons were identified to be under purifying 
selection using FEL (p < .1) and FUBAR (posterior probability > 
.9), respectively. Overall, the ratio ω for PBS was greater than 1, 
and around 3 times higher than for non-PBS (Table 2), suggest-
ing that positive selection was operating on the PBS of the DRB 
genes in M. meles across its distribution range.

Phylogenetic analysis
The phylogenetic tree showed that Meme-DRB alleles did 
not form a monophyletic group. Instead, they were widely 

Figure 2. Sampling locations and allele distributions of major histocompatibility complex (MHC) class II DRB genes in Meles meles. Based on 
geographical criteria, samples were divided into 26 populations. Only putatively functional alleles are shown here. The pie charts indicate the allele 
frequencies in each population, calculated as the total number of individuals carrying the particular allele divided by the total allele count observed in 
the population (see Materials and Methods for details). The black arrows indicate the presence of private alleles. The distribution of MHC supertypes is 
provided in Supplementary Material S3.
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interspersed with DRB sequences from species of the same or 
closely related families (e.g., M. canescens, M. leucurus, M. 
anakuma, M. itatsi, M. sibirica, M. lutreola, E. lutris, T. taxus, 
G. gulo, and Z. californianus; Figure 4). In addition, no spe-
cific clustering of Meme-DRB alleles was observed in relation 
to the geographic location.

Within-population diversity
When comparing all populations, we showed that APD 
(measure of inter-individual difference) was significantly cor-
related with MHC/Ind (estimator of heterozygosity), MHC/
Pop (measure of allelic richness), and θ k(measure of allelic 
richness; APD vs. MHC/Ind, r = 0.715, df = 17, p = .002; 
APD vs. MHC/Pop, r = 0.607, df = 17, p = .015; APD vs.θ k

, r = 0.834, df = 17, p < .001; Table 3). The MHC/Pop also 
significantly correlated with θ k(r = 0.714, df = 17, p = .002). 
However, the π (measure of nucleotide diversity) did not cor-
relate with any of the MHC measures (e.g., π vs. APD, r = 
0.249, df = 17, p = .383; Table 3).

Different degrees of MHC diversity were observed among 
populations, as indicated by both MHC/Ind and APD (MHC/
Ind, χ2 = 67.4, df = 17, p < .001; APD, χ2 = 2162.2, df = 17, p 
< .001). The geographically isolated populations in northern 
Europe (i.e., Great Britain, Ireland, and Sweden) had signifi-
cantly lower allelic richness as indicated byθ k, with only four 
to five alleles identified per population (Table 1). The highest 
number of alleles identified for a population in our dataset 
was 12 (i.e., Luxembourg, Eastern Poland, and Serbia). Only 
island populations (Great Britain and Ireland) showed sig-
nificantly lower values of APD and MHC/Ind. This suggests 
that MHC diversity in island populations was low relative 
to mainland populations. By contrast, when the amino acid 
sequence of the MHC alleles was considered, we found that 
most alleles identified in the isolated populations (i.e., Great 
Britain, Ireland, and Sweden) belonged to different supertypes 
(Figure 2 and Supplementary Material S3).

For the association between MHC measures and micro-
satellites, we found that both MHC allelic richness and 

Figure 3. Putative amino acid alignment of major histocompatibility complex (MHC) class II DRB exon 2 in Meles meles. All available sequences of 
Meme-DRB genes (HQ90892.1–HQ908104.1; LC180320.1–LC180335.1; LC180338.1–LC180339.1) in GenBank were downloaded for the alignment 
with the newly identified Meme-DRB genes. The accession numbers for other DRB sequences include LC180283.1–LC180285.1 (Meles anakuma), 
LC180294.1–LC180296.1 (Meles canescens), LC180301.1–LC180303.1 (Meles leucurus), EU263554.1 (Mustela lutreola), EU121855.1 (Enhydra lutris), 
NM001014768 (C. lupus familiaris), AY491459 (Z. californianus), and AF225565.1 (H. sapiens). The number at the top indicates the position of amino 
acids in β1 domain. The peptide-binding sites (^) were inferred from human HLA molecules (Reche & Reinherz, 2003). Codon-based selection analyses 
were performed using FEL, SLAC, FUBAR, and MEME implemented in HyPhy (default settings). “+” indicates positively selected sites while “–” 
indicates negatively selected sites. GARD implemented in HyPhy was used to test the recombination event prior selection analysis. The recombination 
breakpoint is indicated by “+.” The two pseudogenes (Meme-DRB*PS01N and Meme-DRB*PS04) have frameshifts after position 87 (not shown in 
here). “.” = identical amino acid. “-“ = gap. “*” = missing data.
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Figure 4. Phylogenetic tree of major histocompatibility complex (MHC) class II DRB exon 2 in Meles meles. The numbers near the tree nodes indicates 
the posterior probabilities. Alleles from M. meles are shaded with gray boxes. The black arrows indicate the DRB alleles found in this study while the 
black dots indicate the newly identified alleles. DRB sequences from other species were also included, with the GenBank accession number indicated 
after the allele name. These species include Meles canescens, Eurasian badger; Meles leucurus, Asian badger; Meles anakuma, Japanese badger; 
Enhydra lutris, sea otter; Mustela itatsi, Japanese weasel; Mustela sibirica, Siberian weasel; Mustela lutreola, European mink; Taxidea taxus, American 
badger; Gulo gulo, wolverine; Zalophus californianus, California sea lion; Canis familiaris, dog; Canis lupus, wolf; Canis latrans, coyote; and Homo 
sapiens, human.
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inter-individual difference were significantly correlated with 
both microsatellite heterozygosity and allelic richness (e.g., 
θ kvs. He, r = 0.764, df = 17, p = .001; APD vs. microsatellite 
allelic richness, r = 0.648, df = 15, p = .014, etc.; Table 3). 
However, our estimates of MHC heterozygosity and nucleo-
tide diversity did not correlate significantly with either micro-
satellite heterozygosity or allelic richness (e.g., MHC/Ind vs. 
He, r = 0.330, df = 17, p = .297; π vs. microsatellite allelic 
richness, r = −0.012, df = 17, p = .964, etc.; Table 3).

MHC population differentiation
Most of the MHC variation in our data set were observed 
within populations (AMOVA, Supplementary Material S9), 
but significant differences of allelic frequencies were still 
detected among populations. The pairwise FST(MHC) showed 
that 115 of the 153 population comparisons were signifi-
cantly differentiated, with the pairwise FST(MHC) values for 
all population comparisons ranging from −0.010 to 0.244 
(Supplementary Material S11). The negative FST(MHC) value 
could be due to sampling error or uneven sample size, and 
can be treated as zero. There was a trend for isolated and 
remote populations (including Great Britain, Ireland, Israel, 
and Sweden) as well as populations at the periphery of 
Europe (including Spain, Portugal, and Denmark) to be sig-
nificantly differentiated from all other populations, except for 
the two populations in the Iberian Peninsula (i.e., Spain and 
Portugal), which were not significantly differentiated from 
each other. In contrast, the populations in central, eastern, and 
southeastern Europe (i.e., Austria, Belgium, Croatia, France, 
Germany, Luxembourg, Poland, Serbia, and Switzerland; 
Supplementary Material S11) were not well differentiated 
from each other. Only the population in Italy, geographically 
separated by the Alps, was significantly differentiated from all 
other populations. This pattern of population differentiation 
was further supported by both MDS (Figure 5) and the exact 
test of population differentiation, in which 132 of the 153 
population comparisons showed significant differentiation 
(Supplementary Material S10).

When taking amino acid distance into account using pair-
wise ФST(MHC G-distance) and ФST(MHC S-distance), the total number of 
population comparisons showing significant differentiation 
reduced to 81 out of 153 in both statistics (Supplementary 
Materials S13 and S14). No obvious pattern of popula-
tion differentiation was observed in relation to the spatial 
locations of the populations. Pairwise FST(MHC supertype), which 
groups alleles into immunological supertypes, also demon-
strated a similar pattern (Supplementary Material S15). The 
disagreement between these fixation indexes (measure at the 
level of allelic identity vs. measures at the functional level) 
in the pattern of population differentiation can be further 
observed in the IBD tests. A simple Mantel test showed a sig-
nificant correlation between pairwise geographic distance and 

pairwise genetic distance FST(MHC) (rM = 0.453, p < .001; Figure 
6B), but not ФST(MHC G-distance), ФST(MHC S-distance), nor FST(MHC supertype) 
(e.g., ФST(MHC S-distance), rM = 0.113, p = .199; FST(MHC supertype), rM 
= 0.066, p = .277; Figure 6, Supplementary Material S18). 
In addition, the population differentiations at the functional 
levels were significantly lower than allelic level (e.g., FST(MHC), 
mean = 0.065; FST(MHC supertype), mean = 0.044; Wilcoxon ran 
sum test, p = < .001, Supplementary Materials S16 and S17). 
Since nucleotide distance also contains functional informa-
tion (Supplementary Material S4), Фst(MHC nucleotides) was cor-
related with other indexes at the functional level. The results 
based on the nucleotide distance were similar to those based 
on the amino acid distance (i.e., ФST(MHC G-distance) and ФST(MHC 

S-distance); Supplementary Materials S17–S20).
Next, we also detected a significant signal of IBD at micro-

satellite loci (FST(Microsatellite), rM = 0.692, p < .001, Figure 6A). 
We therefore tested whether population differentiation at 
MHC observed using FST(MHC) was a by-product of neutral dif-
ferentiation. After controlling for pairwise genetic distances 
among microsatellites, the partial Mantel test showed that 
pairwise FST(MHC) was no longer correlated with geographic 
distance (controlling for FST(Microsatellite), partial rM = 0.024, p 
= .415; Supplementary Material S18). This conclusion was 
further supported by the MRM test (Supplementary Material 
S19). In line with this, we also detected a significant correla-
tion between the pairwise genetic distances at MHC and 
microsatellite loci (FST(MHC) vs. FST(Microsatellite), rM = 0.636, p < 
.001; Supplementary Material S16).

The randomization test showed that grouping alleles into 
supertypes slightly lowered the rM value in general, with the 
mean rM of the randomization being at 0.28 (Supplementary 
Material S22) compared to rM = 0.45 for FST(MHC). The observed 
rM was at a marginally significant value of 5.92% of the sim-
ulated data, indicating a reduced spatial structuring at MHC 
supertypes. Attention should be paid that the lowest 1.5% 
of the randomized rM values were below 0, i.e., a negative 
relationship between MHC distance and geographic distance, 
which is unlikely to occur in natural populations. FST(MHC super-

type) was highly correlated with other indexes with functional 
information (i.e., ФST(MHC nucleotides), ФST(MHC G-distance), and ФST(MHC 

S-distance); Supplementary Material S18), and the pattern of pop-
ulation differentiation based on FST(MHC supertype) was also sim-
ilar to those based on other indexes at the functional level 
(Supplementary Material S20). In addition, most of the popu-
lations (>72%) showed a significantly reduced mean pairwise 
supertype population differentiation compared to the simu-
lated dataset (Supplementary Material S21).

Discussion
We demonstrate that MHC diversity in M. meles across its 
geographic range is shaped by both selection and drift. When 

Table 2. Rate (± standard error) of non-synonymous (dN) and synonymous (dS) substitutions for peptide-binding sites (PBS), non-PBS, and combined 
(PBS + non-PBS) at MHC class II DRB genes in Meles meles.

 No. of codons dN dS ω 

PBS 18 0.727 ± 0.285 0.979 ± 0.224 1.348

Non-PBS 62 0.276 ± 0.099 0.134 ± 0.056 0.487

Combined 80 0.377 ± 0.101 0.324 ± 0.077 0.860

Note. ω = ratio of non-synonymous to synonymous nucleotide substitution.
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only MHC allelic identity but not allelic content (i.e., amino 
acid distance and supertype) was considered, MHC diver-
sity was shown to be shaped by genetic drift, since similar 
patterns were observed for both MHC and microsatellites. 
However, when we took into account the functional mea-
sures of MHC, the pattern of population differentiation at 
the MHC was different from that based on microsatellites. 
Instead, less spatial structuring at MHC was detected com-
pared to microsatellites. This indicates that MHC genes were 
also under selection, in addition to being affected by genetic 
drift. This pattern of population structuring is consistent with 
the balancing selection on supertype hypothesis.

Genetic drift and demographic processes affect 
MHC evolution
When only MHC allelic identity was considered, there are three 
major lines of evidence supporting the role of genetic drift and 
demographic processes in shaping the spatial MHC diversity in 
M. meles. First, we found strong positive correlations between 
pairwise FST(MHC) and FST(Microsatellites), as well as between allele 
richness of MHC and microsatellites. Such correlations suggest 
that MHC genes evolve following the same pattern observed 
in the microsatellites, which are likely subject to drift. Such 
correlations between MHC and neutral markers have been 
reported in a wide range of species (Aguilar & Garza, 2006; 
Biedrzycka & Radwan, 2008; Loiseau et al., 2009; Miller et 
al., 2010; Zeisset & Beebee, 2014, etc.). Second, the pairwise 
FST(MHC) and MDS showed that, at the MHC, the populations 
at the periphery of Europe (including Great Britain, Ireland, 
Israel, Italy, Sweden, Spain, Portugal, and Denmark) were sig-
nificantly differentiated from the central and eastern popula-
tions (including Austria, Belgium, Croatia, France, Germany, 
Luxembourg, Poland, Serbia, and Switzerland), concordant 
with the patterns previously inferred from the same panel of 
microsatellites using a similar dataset (Frantz et al., 2014). 
Third, the northern, geographically isolated populations (i.e., 
Great Britain, Ireland, and Sweden) showed signatures of a 
founder effect at MHC genes, e.g., reduced MHC diversity and 
similar MHC allele compositions between Britain and Ireland. 
The reduced MHC diversity in these isolated populations is 
consistent with previous conclusions that genetic drift out-
weighs balancing selection when populations become small 
and isolated (Campos et al., 2006; Miller et al., 2010; Miller 
& Lambert, 2004; Strand et al., 2012; Zhai et al., 2017). Also, 
these populations were previously shown to have small popu-
lation sizes due to successive founder effects during historical 
postglacial expansion processes and/or the genetic bottleneck 
effects during recent human activities (Bevanger & Lindström, 
1995; Frantz et al., 2014; Pope et al., 2005; van der Zee et 
al., 1992). Despite significant population differentiation being 
detected between Britain and Ireland using FST(MHC), the sim-
ilarity observed in the MHC allele composition of these two 
populations is in line with the hypothesis that Britain could be 
a potential source for the colonization of the fauna in Ireland 
(Frantz et al., 2014; McDevitt et al., 2011). Furthermore, when 
all the above evidence is taken together, we can see that the 
global distribution of MHC diversity of M. meles in Europe is 
largely congruent with the outcomes of previous demographic 
processes, for example, M. meles expanding out of the glacial 
refugia in Iberia and southeast Europe toward northern and 
eastern regions (e.g., Sweden) during the post-glacial expansion 
(Frantz et al., 2014). Similar effects of demographic processes 
on large spatial MHC diversity can be found in species with Ta
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limited dispersal ability or philopatric behavior (Babik et al., 
2008; Berggren et al., 2005; Talarico et al., 2019; Zeisset & 
Beebee, 2014). The studied species have similar distribution 
ranges to M. meles.

Balancing selection maintains MHC functional 
diversity
Despite the evidence for neutral drift, support for balancing 
selection can still be found when the sequences of the MHC 

Figure 5. Multidimensional scaling (MDS) plot based on FST(MHC) among 18 populations of Meles meles in Europe. Each dot represents a population. 
Populations in Denmark, Great Britain, Ireland, Israel, Italy, Portugal+Spain, and Sweden (black circles) were shown to be significantly differentiated 
from each other, and from the remaining populations, as indicated by pairwise FST(MHC) (Table 4). No clear patterning was observed among the 
populations in Austria, Belgium, Croatia, France, Germany, Luxembourg, Poland (E), Poland (W), Serbia, and Switzerland (dashed circle). Stress score = 
0.125. Stress score is a goodness-of-fit statistic for MDS, where the value should be between 0 to 1 with near zero indicating a better fit of the model.

Figure 6. Isolation-by-distance at MHC class II DRB genes and microsatellite loci among 18 populations of Meles meles. Mantel tests were performed 
to test for the correlations between alternative pairwise genetic distances (FST/(1-FST)) (A–E: FST(Microsatellite), FST(MHC), ФST(MHC nucleotides), ФST(MHC S-distance), and 
FST(MHC supertype)) and the logarithm of geographic distance (km). The empty circles indicate the comparisons among central, eastern and southeastern 
populations (Austria, Belgium, Croatia, France, Germany, Luxembourg, Poland, Serbia, and Switzerland), except Italy. The black solid circles indicate the 
remaining pairwise population comparisons. The black lines represent linear regression lines for all population comparisons. p values were calculated 
from 10,000 permutations. MHC, major histocompatibility complex.
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alleles were taken into account. First, the nucleotide diversity 
of MHC did not correlate with heterozygosity or allelic rich-
ness of microsatellites, even for the isolated populations in 
Britain, Ireland, and Sweden, where balancing selection was 
expected to be weaker than genetic drift. This finding agrees 
with recent observations that balancing selection maintains 
MHC functional diversity, even under neutral drift (Heimeier 
et al., 2018; Sagonas et al., 2019). However, caution needs to 
be taken in interpreting the finding that most of the alleles 
retained in the bottlenecked populations (e.g., Britain, Ireland, 
and Sweden) belong to different allelic lineages, because this 
could simply be the result of random drift, as shown by a pre-
vious simulation study in bottlenecked populations (Ejsmond 
& Radwan, 2011). Second, the number of instances of sig-
nificant pairwise population differentiation calculated using 
functional measures (e.g., ФST(MHC S-distance) and FST(MHC supertype)) 
were almost half of that based on FST(MHC), suggesting that 
most of the populations shared functionally equivalent sets 
of MHC alleles. The simple Mantel tests using distance-based 
matrix of MHC (ФST) and supertype-based matrix (i.e., 
FST(MHC supertype)) further confirmed this pattern, with no geo-
graphic structuring detected for MHC at the functional level. 
The partial Mantel tests also supported the conclusion that 
the structuring observed in pairwise FST(MHC) comparisons 
was indeed due to neutral differentiation. All this evidence 
suggests the presence of balancing selection in maintaining 
the functional diversity of MHC genes across the distribution 
range of M. meles. By contrast, if diversifying selection is the 
dominant force, we would expect different supertypes to be 
maintained in different populations, which could lead to IBD. 
Our results here are consistent with previous findings that 
balancing selection, rather than diversifying selection, main-
tains MHC polymorphism at a large spatial scale (Bichet et 
al., 2015; Malé et al., 2012; Sagonas et al., 2019).

The drive of balancing selection on MHC genes is gener-
ally thought to be pathogens (Spurgin & Richardson, 2010). 
Heterozygote advantage, and rare-allele advantage and/or 
fluctuating selection, were previously proposed as the selec-
tion mechanisms acting on MHC genes in M. meles (Sin et 
al., 2014). By comparing the population structure at MHC 
with that at microsatellites, we showed that the structuring 
at the MHC was less than for microsatellite loci, support-
ing the effect of heterozygote advantage and/or rare-allele 
advantage favoring evolutionarily old alleles that were pre-
viously common in the population (Figure 6A vs. Figure 6D 
and E). If a population is subject to heterozygote advantage, 
then within-population diversity can exceed between-popu-
lation diversity (Spurgin & Richardson, 2010). Similarly, if 
selection maintains old alleles in multiple populations lacking 
novel alleles, then between-population diversity will be less 
than expected from neutral diversity (Spurgin & Richardson, 
2010). Indeed, pronounced population structure at MHC was 
often detected in previous studies, and it was concluded that 
adaptation to the local pathogenic environments is the driv-
ing cause (Ekblom et al., 2007; Landry & Bernatchez, 2002; 
Miller et al., 2001; e.g., Cammen et al., 2011; Eizaguirre et 
al., 2012; Li et al., 2016). Fewer studies have demonstrated 
weaker population structure at MHC than at neutral loci 
(Sommer, 2003; van Oosterhout et al., 2006; e.g., Bichet et al., 
2015; Del Real-Monroy & Ortega, 2017; Herdegen-Radwan 
et al., 2021; Rico et al., 2015), whereas some studies have 
concluded that there was no significant difference between 
MHC and neutral population structures (e.g., Biedrzycka & 

Radwan, 2008; Gutierrez-Espeleta et al., 2001; Spurgin & 
Richardson, 2010). This difference in findings among studies 
probably reflects a difference in underlying ecological factors 
(e.g., demographic history, habitat variation, life history, mat-
ing system, pathogens, etc.) that affect the strength of each 
selective force.

MHC-based mate choice is another mechanism that 
could affect MHC diversity (Bentkowski & Radwan, 2020; 
Eizaguirre et al., 2009; Slade et al., 2019). MHC-assortative 
mate choice was previously demonstrated in M. meles (Sin et 
al., 2015). Such a mate choice behavior could complicate the 
interpretation of our results. For example, MHC homozygos-
ity is expected to increase via assortative mate choice while 
heterozygote advantage predicts an increase in heterozygosity 
(Slade et al., 2019; Spurgin & Richardson, 2010), although 
the major role of heterozygote advantage in shaping spatial 
MHC diversity is still controversial (Borghans et al., 2004; 
Ejsmond & Radwan, 2015; Radwan et al., 2020; Sutton et 
al., 2011). Indeed, the predicted outcome of MHC-assortative 
mate choice seems to be in line with our observation that very 
few private MHC alleles were identified in different popu-
lations, probably because assortative mate choice tends to 
prevent newly mutated allele from increasing in frequency if 
sexual selection is stronger than PMBS. However, as MHC-
assortative mate choice was only demonstrated in a British 
population (Sin et al., 2015), how it might influence conti-
nent-wide pattern of MHC diversity in M. meles is still an 
open question (Havlíček et al., 2020; Kamiya et al., 2014; 
Winternitz et al., 2017).

Balancing selection on supertype hypothesis
Balancing selection on supertype hypothesis proposes that 
MHC alleles should be grouped into immunological super-
types (Herdegen-Radwan et al., 2021; Lighten et al., 2017), 
which will allow us to understand the evolution of MHC 
diversity at the functional level. In this study, we reveal a 
weaker population structuring of MHC supertypes than 
that based on individual MHC alleles. This finding of high 
supertype sharing despite high population differentiation at 
the MHC allelic level has also been reported in other species 
(Lillie et al., 2015). There is growing evidence showing that 
balancing selection is better detected at the functional level 
(Sepil et al., 2013; Trachtenberg et al., 2003; Vlček et al., 
2016), but such an idea was not consolidated into a well-de-
fined hypothesis previously, and Lighten et al. (2017) pro-
posed that spatial signal of selection on MHC is stronger at 
MHC supertype level. Currently, the balancing selection on 
supertype hypothesis still received little empirical and theo-
retical support (Ejsmond et al., 2018; Herdegen-Radwan et 
al., 2021; Lighten et al., 2017). However, caution is required 
when analyzing the effect of MHC supertypes, since the 
grouping of alleles into supertypes may generate statistical 
artifacts, e.g., lowering of the population differentiation. 
Future studies should follow earlier work (Herdegen-
Radwan et al., 2021; Lighten et al., 2017) in including a sim-
ulation of random allele grouping into supertypes to test the 
effect of grouping. In addition, analyses based on functional 
distance between MHC alleles should also be performed 
to directly test the divergent allele advantage (Wakeland et 
al., 1990) in addition to the balancing selection on super-
type hypothesis. We therefore highlight the importance of 
analyzing MHC diversity at both allelic and functional 
levels, and of using various statistical approaches that can 
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capture different aspects of diversity within MHC genes. 
These methods allow us to distinguish the effects between 
selection and neutral processes on MHC genes more specif-
ically. The idea that balancing selection mainly operates at 
MHC supertypes has so far received little attention (Sepil et 
al., 2013; Trachtenberg et al., 2003; Vlček et al., 2016; but 
see Ejsmond et al., 2018; Lighten et al., 2017). This might 
explain why different patterns were observed in earlier stud-
ies of MHC diversity.

Overall, our study demonstrates how both balancing selec-
tion and genetic drift simultaneously could affect the evolution 
of MHC genes (Babik et al., 2008; Sagonas et al., 2019; Vlček 
et al., 2016). Neutral genetic drift mainly acts on allele identity 
while selection targets the functional diversity of MHC genes. 
The current spatial pattern of MHC diversity in M. meles was 
also influenced by previous demographic processes. Our conti-
nent-wide sampling and analytic approach to study both MHC 
genes and microsatellites further provides evidence for hetero-
zygote advantage and/or rare-allele advantage. The complex-
ity of MHC evolution demonstrated here can only be revealed 
when we conducted the analysis at different levels (i.e., allelic 
vs. functional). We advocate future studies of MHC evolution 
in wild populations to use a similar analytical approach to 
differentiate neutral processes and selection, and the selection 
mechanisms at different levels of the MHC diversity.
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