
 

 

 
 

 

Edinburgh Research Explorer 
 
 

 
 

 
 

 
 

 

 
 

 
 

 
 

 
 

 
 

 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Contemporary selection on MHC genes in a free-living ruminant
population

Citation for published version:
Huang, W, Dicks, K, Hadfield, JD, Johnston, S, Ballingall, K & Pemberton, JM 2022, 'Contemporary
selection on MHC genes in a free-living ruminant population', Ecology Letters, vol. 25, no. 4, pp. 828-838.
https://doi.org/10.1111/ele.13957

Digital Object Identifier (DOI):
10.1111/ele.13957

Link:
Link to publication record in Edinburgh Research Explorer

Document Version:
Publisher's PDF, also known as Version of record

Published In:
Ecology Letters

General rights
Copyright for the publications made accessible via the Edinburgh Research Explorer is retained by the author(s)
and / or other copyright owners and it is a condition of accessing these publications that users recognise and
abide by the legal requirements associated with these rights.

Take down policy
The University of Edinburgh has made every reasonable effort to ensure that Edinburgh Research Explorer
content complies with UK legislation. If you believe that the public display of this file breaches copyright please
contact openaccess@ed.ac.uk providing details, and we will remove access to the work immediately and
investigate your claim.

Download date: 26. May. 2023

https://doi.org/10.1111/ele.13957
https://doi.org/10.1111/ele.13957
https://www.research.ed.ac.uk/en/publications/769b8a67-8635-4421-a192-0c1374175086


Ecology Letters. 2022;00:1–11.  wileyonlinelibrary.com/journal/ele  | 1

INTRODUCTION

The vertebrate immune system has evolved to protect 
the host from infection through a variety of innate 
and adaptive immune mechanisms. Many of the pro-
teins that control the specificity of immune function 
are the products of genes that are among the most di-
verse within vertebrate populations. Such diversity is 
believed to have evolved in response to pathogen diver-
sity. Investigating the mechanisms shaping the diversity 
of immune genes has been a major focus in evolution-
ary biology (Barreiro & Quintana- Murci, 2010). Genes 

located within the major histocompatibility complex 
(MHC) encode proteins that play important roles in 
the vertebrate immune system and have been inten-
sively studied across many species, including model or-
ganisms (Acevedo- Whitehouse & Cunningham, 2006; 
Bernatchez & Landry, 2003; Kaufman, 2018; Piertney & 
Oliver, 2006; Radwan et al., 2020). MHC molecules, the 
products of MHC class I and class II genes, present pep-
tide fragments to antigen- specific receptors on T cells to 
induce adaptive immune responses. MHC class I mole-
cules present peptides mainly derived from intracellular 
pathogens such as viruses to CD8+ T cells, while MHC 
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Abstract

Genes within the major histocompatibility complex (MHC) are the most variable 

identified in vertebrates. Pathogen- mediated selection is believed to be the main 

force maintaining MHC diversity. However, relatively few studies have demon-

strated contemporary selection on MHC genes. Here, we examine associations be-

tween MHC variation and several fitness measurements including total fitness and 

five fitness components, in 3400 wild Soay sheep (Ovis aries) monitored between 

1989 and 2012. In terms of total fitness, measured as lifetime breeding success of 

all individuals born, we found haplotypes named C and D were associated with 

decreased and increased male total fitness respectively. In terms of fitness compo-

nents, juvenile survival was associated with haplotype divergence while individual 

haplotypes (C, D and F) were associated with adult fitness components. Consistent 

with the increased male total fitness, the rarest haplotype D has increased in fre-

quency throughout the study period more than expected under neutral expecta-

tions. Our results demonstrate contemporary natural selection is acting on MHC 

class II genes in Soay sheep and the mode of selection on specific fitness compo-

nents can be different mode from selection on total fitness.
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class II molecules present peptides mainly derived from 
extracellular pathogens such as bacteria and parasites to 
CD4+ T cells (Garrigan & Hedrick, 2003).

MHC class I and II genes are the most polymorphic 
loci identified in vertebrate populations with hundreds 
of alleles described in many species (Apanius et al., 1997; 
Maccari et al., 2017). Although MHC- based sexual se-
lection and genetic drift can maintain MHC diversity, 
pathogen- mediated balancing selection is thought to be 
the principal driver maintaining such high levels of al-
lelic diversity (Bolnick & Stutz, 2017; Oliver et al., 2009; 
Oppelt et al., 2010; Radwan et al., 2020; Westerdahl 
et al., 2012). However, the specific selection mechanisms 
which act to maintain high levels of MHC allelic diver-
sity are not clear (Bernatchez & Landry, 2003; Jordan 
& Bruford, 1998; Spurgin & Richardson, 2010). Three 
models have been proposed to explain how PMS acts to 
maintain such diversity:

1. Heterozygote advantage: individuals which are more 
heterozygous across the MHC can respond to a 
greater variety of pathogens. As a result, variation 
at MHC loci is selected and maintained (Takahata 
& Nei, 1990). In addition, divergent allele advantage 
has been proposed as an extension to heterozygote 
advantage. Here, individuals with a greater functional 
divergence between alleles should have a selective 
advantage because their MHC molecules can bind a 
broader range of antigens (Eizaguirre et al., 2012a; 
Pierini & Lenz, 2018; Wakeland et al., 1990).

2. Rare- allele advantage: there is strong selection on patho-
gens to evade immune protection provided by the most 
common host MHC alleles. Therefore, a rare allele which 
confers resistance to the most selective pathogen will have 
a selective advantage (Eizaguirre et al., 2012b). However, 
the advantage disappears as the frequency of a protective 
MHC allele increases and is absent at equilibrium (Lenz, 
2018; Phillips et al., 2018). The arms race between hosts 
and pathogens sets up a cyclical process causing MHC 
alleles and pathogens to fluctuate, meaning that MHC 
diversity is maintained by negative frequency- dependent 
selection (Borghans et al., 2004; Ejsmond & Radwan, 
2015; Hughes & Nei, 1988). It should be noted that since 
rare alleles appear most frequently as heterozygotes, this 
can manifest as heterozygote advantage for specific al-
leles under some circumstances.

3. Fluctuating selection: a changing environment results 
in variation in the abundance of different pathogens in 
space and time, which generates directional selection 
in different host subpopulations and/or at different 
time points. Thus, different alleles will be favoured in 
different subpopulations or at different times, mean-
ing MHC diversity is maintained as a consequence 
(Hedrick, 2002; Hill et al., 1991). Unlike rare- allele 
advantage the change in selection coefficients in 
time and/or space is not driven by coevolution in the 
pathogens.

To test each selection model we can examine associa-
tion between MHC variation and fitness measurements, 
different patterns of associations can be explained as 
a result of different selection mechanisms (Piertney & 
Oliver, 2006; Spurgin & Richardson, 2010; Sutton et al., 
2011). Under heterozygote advantage, we predict a pos-
itive association between MHC heterozygosity and fit-
ness. Under rare- allele advantage, if MHC alleles are 
not in equilibrium, we may detect selection favouring 
specific rare alleles and probably also disfavouring spe-
cific common alleles. Under fluctuating selection, we 
would also observe specific alleles being favoured or 
disfavoured by selection. But unlike rare- allele advan-
tage, this should occur regardless of their frequency. 
However, it is hard to distinguish rare- allele advantage 
and fluctuating selection by examining MHC- fitness as-
sociations unless investigating the same alleles in paral-
lel populations (Spurgin & Richardson, 2010). A number 
of studies have tested associations between fitness and 
MHC variation in wild populations, with mixed results. 
First, some MHC studies in wild populations have found 
a positive association between MHC heterozygosity and 
fitness. For instance the number of MHC alleles was 
found to be positively associated with increased appar-
ent survival (return rate from initial year of capture) in 
common yellowthroats (Geothlypis trichas) (Dunn et al., 
2013). Similarly, Banks et al. (2010) found an association 
between MHC heterozygosity and survival in a natural 
population of mountain brushtail possums (Trichosurus 
cunninghami). Second, some studies have reported as-
sociations between fitness and specific MHC alleles or 
supertypes (clusters of MHC alleles with similar phys-
icochemical properties at their antigen- binding sites). 
For example a study of great tits (Parus major) using 
mark- recapture data identified three MHC supertypes 
associated with fitness components, one with increased 
survival, one with increased lifetime reproductive suc-
cess and another with decreased lifetime reproductive 
success (Sepil et al., 2013). Kloch et al. (2013) also found 
that two MHC alleles from different phylogenetic clus-
ters were associated with winter survival in root voles 
(Microtus oeconomus). Finally, there are some studies 
where no associations are detected. In collared flycatch-
ers (Ficedula albicollis), no association between MHC 
variation and lifetime reproductive success was found 
(Radwan et al., 2012).

A complication in studies of fitness association is 
that associations may differ between individuals of dif-
ferent sex, age or nutritional status, due to variation in 
the pathogen community that they are exposed to. For 
example in a population of black- legged kittiwake (Rissa 
tridactyla), the association between MHC diversity and 
fitness was only found in second- hatched female chicks 
suggesting sex and hatching order could modulate MHC- 
fitness association (Pineaux et al., 2020). In a previous 
study of Seychelles warbler (Acrocephalus sechellensis), a 
positive association with MHC diversity was only found 
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in juvenile survival but not in adult survival (Brouwer 
et al., 2010). However, the impact of age on MHC- fitness 
associations has been rarely studied because of the lim-
itation of study length and scale in wild populations. 
Thus, longitudinal studies with fitness measurement 
through all life stages of study individuals are required 
to study MHC- dependent fitness effects.

Apart from the difficulty in measuring fitness to 
study selection on MHC genes, many previous studies 
of selection on MHC genes are limited by the depth and 
quality of the genetic data available. Within a typical 
vertebrate MHC region, multiple closely linked and du-
plicated genes are present which are inherited together 
as a haplotype. Although with the development of next- 
generation sequencing (NGS) technologies, we are now 
able to cost- effectively genotype large numbers of sam-
ples (Babik, 2010; Babik et al., 2009). However, it is still 
difficult to characterise MHC diversity in species with 
complex MHC structure such as passerine birds.

Lastly, statistical analyses of selection on MHC 
variation could be more precise for controlling genetic 
confounders than is often deployed. When examining 
contemporary selection on MHC genes in long- term 
individual- based studies, which include a lot of geneti-
cally related individuals (Brouwer et al., 2010; Sepil et al., 
2013), it is possible that MHC similarity may confound 
with genetic relatedness such that an MHC effect could 
be due to variation elsewhere in the genome rather than 
the MHC itself. Therefore, MHC studies should be con-
ducted in animal models when possible. In addition, 
given the ubiquity of inbreeding depression, any analy-
sis of selection should include an estimate of individual 
inbreeding to ensure MHC effects are not confounded 
with genome- wide inbreeding effects (Lenz et al., 2013; 
Thoss et al., 2011).

Here, we present the first investigation of contempo-
rary selection acting on the MHC in a free- living popu-
lation that overcomes the issues raised above. The Soay 
sheep (Ovis aries) population on the island of Hirta, St 
Kilda is one of the most intensively studied wild animal 
populations in the world (Clutton- Brock & Pemberton, 
2004). Since 1985, taking advantage of the island land-
scape, nearly all individual Soay sheep living in the 
Village Bay study area have been followed from birth, 
through all breeding attempts, until death. In addition, 
using a combination of observation and SNP geno-
types, a multigenerational pedigree for the population 
has been assembled which includes annual and lifetime 
measures of fitness for both sexes (Berenos et al., 2015). 
Previous work characterised diversity at the MHC class 
II DRB1 gene using an internal microsatellite and iden-
tified associations between MHC genotype, fitness and 
parasite infection (Paterson, 1998; Paterson et al., 1998). 
However, the only fitness measure studied was juvenile 
survival. Another study using the same genetic data 
set of MHC- linked microsatellite alleles found higher 

temporal and spatial variation in these loci than in 
putatively neutral microsatellite loci in other parts of 
the genome, suggesting fluctuating selection on MHC 
genes (Charbonnel & Pemberton, 2005). Recently, using 
sequencing- based genotyping of functional MHC class 
II DR and DQ loci we have shown that eight MHC hap-
lotypes are segregating in the study population (Dicks 
et al., 2019) and MHC class II diplotypes were charac-
terised for 5349 individuals sampled between 1989 and 
2012 (Dicks et al., 2021). Here, we use this data to inves-
tigate associations between MHC variation and fitness. 
We test for associations between (1) MHC variation and 
total fitness, defined as lifetime breeding success of each 
individual and (2) MHC variation and five fitness com-
ponents. We fit MHC variation including divergence, 
heterozygosity and individual haplotypes within quanti-
tative genetic models in order to distinguish the effect of 
MHC haplotypes from genome- wide effects. Finally (3), 
we perform gene- drop simulations to examine whether 
haplotype frequencies have changed more than expected 
from a neutral process.

M ETHODS

Study system

Soay sheep have lived virtually unmanaged on the island 
of Soay, in the St. Kilda archipelago, for thousands of 
years. In 1932, 107 Soay sheep were introduced to the 
larger neighbouring island of Hirta and have been living 
there unmanaged since. A previous study demonstrated 
that an introgression event between Soay sheep and a 
more modern breed occurred approximately 150  years 
ago (Feulner et al., 2013). From 1985, a long- term study 
has been conducted on the sheep resident in the Village 
Bay area of Hirta to investigate ecological and evolution-
ary questions (Clutton- Brock & Pemberton, 2004). As an 
island isolate, the population has low Ne and low genetic 
diversity compared with other sheep breeds (Kijas et al., 
2012) and is quite inbred (Stoffel et al., 2021). The vast 
majority of lambs are born in April or May of each year. 
At their first live capture, lambs are ear- tagged to enable 
life- long identification and discs of ear tissue removed 
in the tagging process are used for DNA extraction. 
Parentage is inferred for each individual using a subset 
of 315 unlinked SNPs derived from the Illumina Ovine 
50K SNP array, on which most individuals alive since 
1990 have been genotyped (Berenos et al., 2014). In ad-
dition, the R package Sequoia (Huisman, 2017) was used 
to cluster half- siblings which share a parent that has not 
been genotyped. In cases where no SNP genotypes were 
available, a small number of parentage inferences were 
made using field observations (for mothers) or a previ-
ous microsatellite genotype approach (Morrissey et al., 
2012). The pedigree used here includes 7447 individuals, 
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with 7014 paternal links and 6229 maternal links. This 
study investigated associations between MHC variation 
and fitness measurements including total fitness and five 
fitness components defined as follows:

• Total fitness, the number of offspring an individual 
produced over its lifetime. This measure includes all 
sheep born, regardless of whether they survived and 
bred (many did not);

• Juvenile survival, a binary variable indicating whether 
a lamb survived from birth until May 1st of the follow-
ing year.

• Adult annual survival, a binary variable indicating 
whether an adult survived or not in a given calendar 
year; an adult is an animal that survived to age 1.

• Adult life span, the age of an adult when it died;
• Adult annual breeding success, the number of off-

spring an adult that survived the juvenile period pro-
duced in a given calendar year;

• Adult lifetime breeding success, the number of off-
spring an adult that survived the juvenile period pro-
duced over its lifetime;

MHC class IIa haplotyping

The genetic data used in this study were obtained from 
previous studies (Dicks et al., 2019, 2021). In these stud-
ies, the seven expressed loci (DRB1, DQA1, DQA2, 
DQA2- like, DQB1, DQB2 and DQB2- like) within the 
MHC class IIa region were characterised in 118 selected 
Soay sheep using genotyping- by- sequencing. A total of 
eight MHC haplotypes were identified and named A to 
H. These haplotypes were confirmed by genotyping- by- 
sequencing the same loci in an additional 94 individuals 
with no new haplotypes found. A panel of 13 SNPs lo-
cated in the region of MHC class IIa haplotypes was then 
selected to impute the eight MHC class IIa haplotypes 
in 5951 Soay sheep genotyped using Kompetitive Allele- 
specific PCR (KASP). This panel included 11 SNPs 
known to be variable in Soays based on data from the 
Illumina Ovine infinium HD chip and two other SNPs 

identified within the DQA1  gene(Dicks et al., 2021). 
After quality control, the diplotypes of 5349 individuals 
that lived in the study area between 1985 and 2012 were 
identified. As cohort effects were fitted in the statistical 
analyses, we excluded animals born before 1989 since too 
few were genotyped to be representative of their birth 
cohort. We also removed the cohort born in 2010 which 
had a high genotyping failure rate in the KASP geno-
typing assay, all animals which died as foetuses and any 
individuals subjected to experimental treatments which 
may have affected their survival or breeding perfor-
mance (e.g. anthelmintic boluses). After these exclusions, 
a total of 3440 individuals (1750 males and 1650 females) 
remained for statistical modelling of total fitness and 
juvenile survival (Table 1). The frequency of the rarest 
haplotype (D) was 3.02%. With the exception of animals 
homozygous for haplotype D (N = 5), moderate numbers 
of individuals (N > 20) of each diplotype are represented 
(Figure 1 and Supplementary 2). For each individual 
successfully diplotyped, MHC divergence was measured 
as the proportion of the amino acid sequence that dif-
fered between the two MHC haplotypes (p- distance) 
(Henikoff, 1996) (Note S1, Figure S2).

Statistical analysis

We used generalised linear mixed models (GLMMs) to 
study the associations between MHC haplotypes and 
fitness measurements. The primary models were ani-
mal models that include a covariance structure propor-
tional to the pedigree relatedness matrix, but we also 
repeated all tests without pedigree information. In null 
models, we fitted a set of fixed and random effects for 
each fitness measurement (Table 2) including genomic 
inbreeding (Fgrm) as a fixed effect, as previous studies 
demonstrated inbreeding depression in this population 
(Berenos et al., 2016; Stoffel et al., 2021). None of the fit-
ness measurements in our study had a normal distribu-
tion, so we used Markov chain Monte Carlo techniques 
implemented in MCMCglmm v 2.28 (Hadfield, 2010) to 
run models.

TA B L E  1  Fixed and random effects fitted in null model and sample sizes, for each fitness measurement. Sample sizes are shown by number 
of individuals (records)

Fitness measurement

Fixed effects Random effects Sample sizes

Litter 
size

Age (years, 
quadratic)

Inbreeding 
(Fgrm)

Birth 
year

Year of 
fitness 
measure ID Female Male

Total fitness × × 1650 1750

Juvenile survival × × × 1650 1750

Adult annual survival × × × × × 551 (3093) 529 (1610)

Adult lifetime breeding success × × 574 545

Adult annual breeding success × × × × × 574 (3667) 545 (2155)

Adult lifetime breeding success × × 574 545
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To examine whether there were associations between 
MHC variation and fitness measurements, we fitted 
MHC heterozygosity, MHC divergence and individual 
MHC haplotypes simultaneously into the null model. 
Each haplotype was fitted as dosage (0, 1 or 2 copies) as 
a fixed effect in all the models. We performed a Wald test 
using the posterior mean and the posterior covariance 
matrix to test whether MHC haplotypes explained varia-
tion in fitness. In these models, Haplotype H was treated 
as a reference so the results for individual haplotypes 
are relative to haplotype H and there are seven degrees 
of freedom. When a Wald test for haplotype differences 
was significant, we conducted an additional analysis 
(Note S2) comparing the estimate for each haplotype 
with the mean of the estimates for all other haplotypes, 
to identify individual haplotype effects.

Finally, we used models with different error distri-
butions to combat the heterogeneity of ontogenies and 
distributions of fitness measurements (Note S3). We 
used probit regression to run a unisex model for juve-
nile survival. As the ontogenies and distributions of total 
fitness and adult fitness components were different be-
tween the two sexes, we used separate models for males 
and females. For both males and females, we used zero- 
inflated Poisson models for total fitness, probit regres-
sion for adult annual survival and Poisson regression for 
adult life span and lifetime breeding success. As females 
can only have up to three offspring each year while males 
had between 0 and 24, we used multiple category probit 
(ordinal) regression for female annual breeding success 
and Poisson regression for male annual breeding suc-
cess. All the models were run for 200,000 iterations in R 
v3.5.2 (R Core Team, 2021).

Gene- drop analysis

We performed gene- drop simulations with a custom R 
library genedroppeR v 0.1.0 (code available at https://
github.com/susjo h/gened roppeR) in R v3.5.2 (58) to 
simulate the expected frequency changes of MHC hap-
lotypes under genetic drift given an identical pedigree 
structure. Hereafter, the first four birth cohorts (1989 to 
1992) are defined as the ‘founder’ cohorts, whereas all 
subsequent cohorts are defined as ‘simulated’ cohorts 
(1993– 2012). A total of 5000 simulations were conducted 
as follows. Individuals in the founder cohorts were as-
signed their observed MHC diplotypes; founder cohort 
individuals with unknown diplotypes were assigned one 
by either: (a) sampling a haplotype from each parent as-
suming Mendelian segregation if the parent was known; 
and/or (b) sampling a haplotype with the probability of 
the observed haplotype frequencies in the same birth 

F I G U R E  1  The frequency of each MHC haplotype in the sample of Soay sheep used in the study (N = 3440 individuals)

TA B L E  2  Results (p value) of Wald tests for animal models 
testing for differences between haplotypes in fitness measures 
(d.f. = 7)

Sex Fitness measurement
p 
value

/ Juvenile survival 0.13

Female Total fitness 0.45

Adult annual survival 0.073

Adult life span 0.028

Adult annual breeding success 0.92

Adult lifetime breeding success 0.12

Male Total fitness 0.0034

Adult annual survival 0.39

Adult life span 0.55

Adult annual breeding success 0.019

Adult lifetime breeding success 0.039

Bold number show significant results (p < 0.05).

https://github.com/susjoh/genedroppeR
https://github.com/susjoh/genedroppeR
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cohort when the parent was unknown. In the simulated 
cohorts, each individual diplotype was sampled using 
approaches (a) and (b) above. By this method, simulated 
diplotypes were generated for each individual in the 
pedigree born after 1992. Using these data with the re-
cord of birth year and death year of each individual, we 
compared the observed and simulated changes in MHC 
haplotype frequency for the standing population (all the 
individuals living in a single year), using two approaches. 
First, we modelled the directional change in allele fre-
quency using a linear regression with allele frequency as 
the response variable and year (1993 to 2012) as the pre-
dictor variable. If the observed slope fell within the top 
or bottom 2.5% of simulated slopes, the haplotype was 
deemed likely to have been subject to positive or nega-
tive directional selection respectively. Second, we mod-
elled the cumulative change in allele frequency, defined 
as the sum of the absolute (i.e. positive) differences in 
allele frequency between consecutive years from 1993 to 
2012. If this value fell within the top 2.5% of simulated 
slopes, the haplotype was deemed to have been subject 
to fluctuating selection. Alternatively, if the cumulative 
change fell within the bottom 2.5% of simulated slopes, 
the haplotype was deemed to have been subject to selec-
tion maintaining the haplotype at an equilibrium value.

RESU LTS

Associations between MHC and fitness

Here we report the results of animal models, that is in-
cluding the pedigree as a random effect.

Total fitness: there was no association between MHC 
heterozygosity or MHC divergence and total fitness in 
either sex (Figure 2a). In the Wald test for haplotype ef-
fects significant associations were found for males, but 
not for females (Table 2). Haplotype C was associated 
with decreased male total fitness while haplotype D 
was associated with increased total fitness (Figure 2b).

Juvenile survival: we found a positive association be-
tween MHC divergence and juvenile survival (Figure 2a). 
Considering haplotype effects, the Wald test did not re-
veal significant associations (Table 2).

Adult annual survival: there was no association be-
tween MHC heterozygosity or MHC divergence and 
adult annual survival in either sex (Figure 2a). The Wald 
test for haplotype effects did not reveal significant asso-
ciations (Table 2).

Adult lifespan: there was no association between MHC 
heterozygosity or MHC divergence and adult life span in 
either sex (Figure 2a). In the Wald test for haplotype ef-
fects a significant association was found for females, but 
not for males (Table 2). Haplotype F was associated with 
decreased adult female life span (Figure 2c).

Adult annual breeding success: there was no associa-
tion between MHC heterozygosity or MHC divergence 

and annual breeding success in either sex (Figure 2a). In 
the Wald test for haplotype effects a significant associa-
tion was found for males, but not for females (Table 2). 
Haplotype C was associated with decreased adult male 
annual breeding success (Figure 2d).

Adult lifetime breeding success: we found no as-
sociation between MHC heterozygosity or MHC di-
vergence and adult lifetime breeding success in either 
sex (Figure 2a). In the Wald test for haplotype effects 
a significant association was found for males, but not 
for females (Table 2). Haplotype C were associated 
with decreased adult male lifetime breeding success 
(Figure 2d).

The results obtained from models not including the 
pedigree were generally consistent with those above for 
associations between MHC heterozygosity/divergence 
and fitness measurements (Figures S8 and S10, Table S2). 
For associations between individual MHC haplotypes 
and fitness measurements, estimates were mostly simi-
lar, but there were minor variations in terms of signifi-
cance of individual haplotypes (Table 2, Table S2). One 
difference was that we that found haplotype D was as-
sociated with increased female adult life span in models 
without pedigree fitted (Tables S9 and S10, Figure S7).

Gene- drop analysis

All observed haplotype frequency changes fell within the 
expected range due to drift alone, with the exception of 
haplotypes A, D and H (when compared to N = 5000 sim-
ulations; Figure 3). Haplotype D showed evidence of di-
rectional selection, with its frequency increasing more 
than expected due to change between 1993 and 2012 
(p =  0.0194; Table S11). Haplotypes A and H showed a 
much lower cumulative change than expected between 
1993 and 2012 (p = 0.00040 and = 0.00038 respectively; 
Table S12), indicating balancing selection keeping allele 
frequencies at an equilibrium value.

DISCUSSION

In this study, we investigated associations between 
MHC class II diversity (heterozygosity, divergence and 
specific haplotypes) and fitness measurements includ-
ing total fitness and five fitness components in a sam-
ple of individually monitored free- living ruminants 
using generalised linear mixed models. We fitted MHC 
divergence, MHC heterozygosity and individual MHC 
haplotype effects together to test whether there is hete-
rozygote/divergent allele advantage, rare- allele advan-
tage or f luctuating selection. For all models, we included 
genetic relatedness to eliminate potential false- positive 
results due to other genomic regions in common in re-
lated individuals and a genome inbreeding estimator to 
control for genome- wide heterozygosity and the effect 
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of inbreeding depression. We found a negative associa-
tion between haplotype C and male total fitness and 
a positive association between haplotype D and male 
total fitness. We found MHC divergence was associ-
ated with increased juvenile survival. We also identi-
fied a negative association between haplotype C and 
adult male adult annual and lifetime breeding success 
and a negative association between haplotype F and 
adult female lifespan. Finally, we found that the rarest 
and the most divergent haplotype (Figure 1 and Figure 
S2), D, increased significantly in frequency, with the 
cumulative change of haplotype A and H more even 
than expected, over the 23- year study period.

Our study illustrates that selection in specific fitness 
components may not be reflected in total fitness. We 
found an association with MHC divergence in juvenile 
survival, but did not observe this effect in total fitness 
or adult fitness components. These results are consistent 
with a previous study of Seychelles warbler that found 
a positive association between MHC diversity and juve-
nile but not adult survival (Brouwer et al., 2010). In Soay 
sheep, parasite infection intensity (measured as strongyle 

egg count) (Craig et al., 2006) and mortality is highest 
in the juvenile period (Clutton- Brock & Pemberton, 
2004) and parasite infection intensity is also negatively 
correlated with juvenile survival (Hayward et al., 2011). 
Therefore, lambs with divergent MHC haplotypes may 
be better able to respond to a wider range of pathogen 
antigens, increasing their chances of surviving the harsh 
juvenile period. However, as more MHC homozygote 
lambs die in their first year, selection for divergent MHC 
constitution may no longer be evident in adults due to 
selective disappearance. Alternatively, the lack of se-
lection for MHC heterozygosity or divergence in adult 
sheep could also result from maturation of the immune 
system or a change in the parasite community (Craig 
et al., 2006; Sparks et al., 2018). In terms of specific hap-
lotypes, we did not find any association between specific 
MHC haplotypes and juvenile survival, but we did detect 
associations with total fitness and adult fitness compo-
nents which could be a reflection of the heterogeneity 
of parasite infection and the development of immunity 
to parasites acquired between the juvenile and adult 
periods. The associations between specific haplotypes 

F I G U R E  2  Associations between MHC and fitness measurements in Soay sheep derived from animal models. (a) Associations between 
MHC divergence and fitness measurements in juveniles (circle), females (squares) and males (triangles). Bars represent the 95% credibility 
intervals and those not overlapped with zero represent significant results. (b) Associations between MHC haplotypes and total fitness in 
females and males. The solid line represents the model intercept at haplotype H and posterior means and credible intervals for each haplotype 
are plotted relative to H. Dashed lines indicate the average posterior mean of all eight haplotypes. Circles indicate the Wald test was not 
significant, other symbols indicate it was significant. Haplotype effects that were significantly different from the mean are shown as squares 
with non- significant ones show as triangles. (c and d) Associations between MHC haplotypes and adult fitness components in females (c) and 
males (d). Symbols and lines as for (b)
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and total fitness demonstrate signatures of directional 
selection which could be either rare- allele advantage or 
fluctuating selection is in operation, similar to previous 
studies (Paterson et al., 1998; Sepil et al., 2013). However, 
we were not able to differentiate the two hypothesis using 
current data.

Although many studies in wild populations have iden-
tified associations between specific MHC alleles and 
fitness, few studies have observed an allele frequency 
change in response to selection (Biedrzycka et al., 2018; 
Westerdahl et al., 2004). For example a study of the great 
reed warbler (Acrocephalus arundinaceus) that identified 
significantly higher variation in MHC allele frequencies 
between cohorts than at neutral loci, suggesting that 
fluctuating selection may be acting on MHC variation 
(Westerdahl et al., 2004). In a previous experimental 
study, MHC alleles providing resistance to the respec-
tive specific parasite increased in frequency in the next 
host generation of sticklebacks (Gasterosteus aculeatus) 
(Eizaguirre et al., 2012b). If MHC- linked fitness effects 
are strong enough, we should be able to see changes in 
haplotype frequency over time in Soay sheep. In our 
study, we found haplotype C and D were associated with 
decreased and increased male total fitness respectively. 
In addition, the point estimates of haplotype C and D for 
female total fitness are, if anything, in the same direction 
(though not significant). Consistent with this, the gene 
drop analysis showed that haplotype D has increased 
significantly through the study period (p  =  0.0194). 

However, the frequency of haplotype C did not change 
more than expected by chance. A possible reason for this 
difference lies in the effects on adult life span (Figure 2b). 
Haplotype C was not significantly associated with adult 
life span in either sex, whereas haplotype D was associ-
ated with adult female life span and the point estimates 
of haplotype D for male adult life span were in the same 
direction though not significant. If individuals carrying 
haplotype D remain in the population longer, as this 
suggests, then they contribute to the significant increase 
in haplotype frequency in the standing population each 
year. To our knowledge, our study is the first demon-
strating that the frequency of a MHC haplotype confer-
ring selective advantage also increased through the study 
period in a wild population. In addition, we also found 
the cumulative frequency change of two haplotypes was 
more even than expected, such results demonstrated bal-
ancing selection may act on those haplotypes to main-
tain the frequency around the equilibrium.

Several aspects of our analysis improve on earlier 
MHC- fitness association studies. Benefiting from 
MHC haplotype data generated by locus- specific ge-
notyping, this is one of the few studies using dosage 
models to precisely examine whether there is evidence 
for heterozygote advantage and divergent allele advan-
tage which are caused by non- additive genetic effects 
(Hu et al., 2015; Lenz et al., 2015). Indeed, we demon-
strated signature of divergent haplotype advantage in 
juvenile survival. In addition, we used animal models 

F I G U R E  3  Results of the gene drop analysis for each haplotype. The black lines represent the result of simulations (N = 5000) and the red 
lines represent the observed frequency of each haplotype in the Soay sheep population over the same time interval
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to study the association between MHC and fitness 
measurements in wild populations. As the AM ac-
counts for relatedness, we predicted that it would be 
more conservative and show fewer associations than 
GLMMs that did not account for relatedness. In fact, 
we found the results to be largely consistent between 
the two models. This may be due to the generally low 
heritability of the fitness traits (Table S13). However, 
for traits which have a higher heritability, the results of 
animal models will be more conservative as they would 
exclude the false- positive effects caused by genomic re-
gions other than the MHC.

Long- term individual- based studies like the Soay 
sheep project also enable repeat measurements of the 
strength and direction of selection over time (Siepielski 
et al., 2009, 2011). In a previous study, three MHC- 
linked microsatellite alleles were found to be associ-
ated with survival in Soay sheep using individuals from 
1985 to 1994 (Paterson et al., 1998). Microsatellite al-
leles OLADRB 257 and 205 were associated with de-
creased juvenile and yearling survival, respectively, 
whereas the OLADRB 263 allele was associated with 
increased yearling survival. Some microsatellite alleles 
can be linked directly to the MHC class II haplotypes 
studied here: OLADRB allele 257 is linked to haplo-
type B (Table S14). Thus, we might expect some consis-
tency between the results from the previous study and 
the current one. However, in our analysis of juvenile 
survival, we did not find any evidence for haplotype- 
specific effects (Wald tests not significant; Table 2). 
The inconsistency between the previous and current 
study is probably due to differences in genotyping 
method, sample size and statistical methods including 
fitting relatedness and inbreeding. In addition, alleles 
OLADRB 205 and 263 are associated with multiple 
haplotypes, and we have studied annual survival rather 
than yearling survival, which may also contribute to a 
failure to repeat the results.

In summary, we used well- characterised MHC class 
II haplotypes to investigate MHC- linked fitness effects 
in Soay sheep. To our knowledge, our data set, with more 
than 3000 individuals, is the largest yet used to study the 
selection on MHC variation in a wild population. Our 
results support the existence of contemporary selection 
on MHC class II variation in Soay sheep, when genetic 
relatedness and inbreeding are controlled for. We ob-
served that the frequency of a rare MHC haplotype with 
a selective advantage has increased significantly during 
the study period. Our study highlights the importance of 
investigating selection on MHC genes across the whole 
lifespan and frequency change of MHC haplotype or 
allele.
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