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1  |  INTRODUCTION

Across jawed vertebrates, the genes of the major histocompatibil-
ity complex (MHC) make cell-surface proteins that display patho-
gen peptides to the immune system (Murphy & Weaver, 2017). The 

MHC is central to host-pathogen interactions, and different MHC 
alleles encode proteins that can differ in their effectiveness against 
particular pathogens (Sepil et al., 2013; Wegner et al., 2003). This 
makes MHC variation a key component of host–parasite dynamics 
(Jeffery & Bangham,  2000; Spurgin & Richardson,  2010). In turn, 
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Abstract
Pathogen-mediated selection and sexual selection are important drivers of evolution. 
Both processes are known to target genes of the major histocompatibility complex (MHC), 
a gene family encoding cell-surface proteins that display pathogen peptides to the im-
mune system. The MHC is also a model for understanding processes such as gene dupli-
cation and trans-species allele sharing. The class II MHC protein is a heterodimer whose 
peptide-binding groove is encoded by an MHC-IIA gene and an MHC-IIB gene. However, 
our literature review found that class II MHC papers on infectious disease or sexual se-
lection included IIA data only 18% and 9% of the time, respectively. To assess whether 
greater emphasis on MHC-IIA is warranted, we analysed MHC-IIA sequence data from 
50 species of vertebrates (fish, amphibians, birds, mammals) to test for polymorphism and 
positive selection. We found that the number of MHC-IIA alleles within a species was 
often high, and covaried with sample size and number of MHC-IIA genes assayed. While 
MHC-IIA variability tended to be lower than that of MHC-IIB, the difference was only 
~25%, with ~3 fewer IIA alleles than IIB. Furthermore, the unexpectedly high MHC-IIA 
variability showed clear signatures of positive selection in most species, and positive se-
lection on MHC-IIA was stronger in fish than in other surveyed vertebrate groups. Our 
findings underscore that MHC-IIA can be an important target of selection. Future stud-
ies should therefore expand the characterization of MHC-IIA at both allelic and genomic 
scales, and incorporate MHC-IIA into models of fitness consequences of MHC variation.
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fitness differences in MHC genotypes among prospective mates and 
future offspring can make MHC an important target of sexual selec-
tion (Kamiya et al., 2014; Milinski, 2006). More broadly, studying the 
MHC has also become valuable for understanding an array of evolu-
tionary processes, including frequency-dependent selection (Phillips 
et al., 2018), heterozygote advantage (Penn et al., 2002), gene du-
plication and deletion (Nei & Rooney, 2005), copy number variation 
(Minias et al., 2019), gene conversion (Spurgin et al., 2011), adaptive 
introgression (Dudek et al., 2019), and trans-species polymorphism 
(Lighten et al., 2017). The MHC is therefore a key focus of a range of 
studies across evolution and ecology.

MHC proteins fall in two categories: class I MHC is expressed on 
all cell types and displays intracellularly derived peptides, whereas 
class II MHC is only on professional antigen-presenting cells and dis-
plays peptides from extracellularly encountered pathogens (Murphy 
& Weaver,  2017). Structurally, the peptide binding groove of the 
MHC protein is encoded by a single gene in class I MHC, whereas 
two different genes jointly encode the binding groove in class II 
MHC (Figure 1). Specifically, class II MHC is a heterodimer consisting 
of an alpha subunit from an MHC-IIA gene, and a beta subunit from 
an MHC-IIB gene. Both of the class II subunits have amino acids that 
directly interact with the pathogen peptide (Brown et al., 1993) and 
thus have the potential to influence the effectiveness or specificity 
of peptide binding and pathogen defence.

Across taxa, though, “…most research has focused on the sec-
ond and third exons of class I genes and the second exon of class II 
B genes, because of their traditional consideration as primary tar-
gets of pathogen-mediated selection” (Canal et al.,  2010). A large 
body of single-species studies has found that MHC class I and class 
IIB routinely exhibit high levels of allelic polymorphism (i.e., genetic 
variability at a given locus) within and between populations and a 
history of positive selection at peptide binding sites (Höglund, 2009; 
Piertney & Oliver,  2006; Radwan et al.,  2020). Perhaps as a 

result, class II meta-analyses or review papers typically focus on 
MHC-IIB (Bernatchez & Landry,  2003; Burri et al.,  2014; Hess & 
Edwards, 2002; Minias et al., 2018, 2019; Winternitz et al., 2013) In 
contrast, MHC-IIA loci appear to have received comparatively little 
attention, despite their contribution to the MHC protein's peptide 
binding groove (Figure 1) and hence their potential importance for 
understanding fitness consequences of MHC variation.

Much of the early studies on MHC-IIA focused on mammals, 
which led to - and then was further facilitated by - the existence 
of widely used sets of PCR primers and a clearer understanding of 
orthology and genomic organization than in other taxa (Kumánovics 
et al., 2003; Maccari et al., 2017; Trowsdale & Knight, 2013). This 
early work found evidence of polymorphism in the DQA lineage of 
MHC-IIA in a range of mammals (Bontrop et al.,  1999; Gyllensten 
& Erlich,  1989; Janova et al.,  2009; Scott et al.,  1991; Wagner 
et al.,  1996). More recently, a multispecies analysis of mammalian 
MHC-DQ genes suggested that MHC-IIA might indeed be an im-
portant target of diversifying selection: data from the DQA lineage 
in 10 nonhuman mammal species showed substantial evidence of 
positive selection within species (Amills et al.,  2008), highlighting 
the potential for MHC-IIA to warrant greater attention in studies of 
MHC ecology and evolution. In the 15 years since that multispecies 
analyses of Amills et al.  (2008), MHC-IIA sequencing efforts have 
expanded both within and beyond mammals in a way that makes this 
a valuable moment to assess the state of the field.

Our synthesis has two main aims. First, we assess the functional 
attention paid to MHC-IIA by examining the extent to which MHC-IIA 
is underrepresented, relative to MHC-IIB, in studies of sexual selection 
or disease association. Second, we compile sequences and associated 
metadata on MHC-IIA genes in nonhuman vertebrate taxa to test for 
two phenomena that are widely understood as fundamental to the 
evolution of MHC-IIB: (1) Does MHC-IIA show pronounced genetic 
variability (allelic polymorphism) within species? and (2) Is the exist-
ing variation in MHC-IIA consistent with a process of positive selec-
tion rather than neutral evolution and purifying selection? We address 
these questions by analysing existing MHC-IIA sequence data in a stan-
dardized way across a variety of taxa, including a test of three predictor 
variables (sample size, number of genes assayed, and taxonomic group 
within the vertebrates) that could contribute to differences in observed 
levels of MHC-IIA polymorphism or selection regime in different spe-
cies. We also make direct, paired comparisons of the polymorphism 
and selection regime of MHC-IIA and MHC-IIB genes, for cases where 
population-matched data for both classes of loci are available.

2  | MATERIALS AND METHODS

2.1  |  Prevalence of MHC-­IIA versus MHC-­IIB in 
studies of sexual selection or infectious disease

We began by assessing the extent to which studies of sexual selec-
tion or infectious disease associations in class II MHC might be dis-
proportionately focused on MHC-IIB rather than MHC-IIA. To that 

F IGURE  1 Schematic illustration of the class II MHC protein. 
This protein is a heterodimer, in which both the alpha subunit (left; 
encoded by MHC-IIA loci) and beta subunit (right; encoded by 
MHC-IIB loci) contribute to the peptide binding groove 
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end, we conducted literature searches spanning the years 2000 to 
2021 for nonhuman empirical studies of those topics, and we then 
categorized those studies based on whether they contained data on 
MHC-IIA, MHC-IIB, or both.

Specifically, to assess the sexual selection literature we searched 
Scopus in November 2021 for papers whose title, abstract, or key-
words included (mhc OR histocompatibility) AND (“mate choice” 
OR “mating” OR “sexual select*”) AND (class AND II). This yielded 
354 papers published after 1999. We then excluded review papers, 
papers about humans, papers that were not actually about sexual 
selection or mate choice, and papers that lacked class II MHC se-
quence or haplotype data. We also excluded six studies (4 horse, 2 
Soay sheep) that used multigene haplotypes but did not analyse or 
interpret data at the gene level. Our full set of criteria yielded 116 
papers, as listed in Section 1 of the Supporting Information.

To assess the literature on infectious disease associations with 
MHC-IIA or MHC-IIB alleles, we searched Scopus in November 2021 
for papers whose title, abstract, or key words included (mhc OR his-
tocompatibility) AND (“disease*” OR “pathogen*” OR “parasite*” OR 
“infect*”) AND (“class II” OR “class-II”). This yielded 655 papers pub-
lished after 1999. We then excluded review papers, papers about 
humans, papers about laboratory animal models of human disease, 
papers on noninfectious disease, and papers that lacked class II 
MHC sequence or haplotype data. We also excluded 12 papers (7 
chicken, 4 mouse, 1 Xenopus) that knew or assessed multigene MHC 
haplotypes spanning at least one MHC-IIA gene and one MHC-IIB 
gene but that did not consider MHC-IIA or MHC-IIB specifically, nor 
did they attempt to ascertain which genes within the haplotypes 
were actually the source of the association between haplotype and 
disease state. Our full set of criteria yielded 95 papers, as listed in 
Section 1 of the Supporting Information.

We then assessed whether MHC-IIA was becoming more prev-
alent in such studies over time. To test whether MHC-IIA data was 
more likely to appear in more recent papers on these topics, we con-
ducted a logistic regression analysis for the 116 mate choice papers 
and, separately, for the 95 disease association papers. The presence 
or absence of MHC-IIA data in a class II MHC paper was modelled as 
a binomial GLM with a logit link, with Year of publication as a contin-
uous predictor variable:

2.2  | MHC-­IIA diversity and selection: 
Literature search

We surveyed the literature for studies of MHC-IIA polymorphism, 
initially by searching in Scopus for (MHC OR “major histocompatibility 

complex”) AND (“class II alpha" OR “class II α” OR “class II A"), and 
then scanning those papers' references and papers that cited them, 
expanding forward until no new papers were detected. Papers were 
used in the analysis if they met the following inclusion criteria:

•	 Accessible sequence data of MHC-IIA alleles. If data were not 
available in a repository (e.g., GenBank or IPD-MHC [Maccari et 
al., 2017]) or in the paper itself, we emailed authors to request 
data.

•	 Sequences that spanned at least 90% of exon 2, the exon which 
encodes the alpha 1 (MHC-IIA) or beta 1 domain (MHC-IIB) of the 
protein.

•	 A defined sample size of at least two individuals.
•	 Samples drawn from a biologically defined group. This was typ-

ically wild-caught individuals from one or several populations, 
but alternatively could include animals from aquaculture or other 
farmed settings, fish bought at a specific market, or domesti-
cated animals of particular breeds. We excluded a few studies of 
captive or domesticated animals where the sampled individuals 
were deliberately chosen for characterization based on a pri-
ori knowledge of their MHC genotypes (e.g., using only known 
MHC-homozygotes).

•	 One data set per species. This criterion came into play in 11 spe-
cies for which there were multiple papers that met the other 
inclusion criteria. In those cases, we selected the paper that pro-
vided the most thorough characterization of MHC polymorphism 
(based on sample size, breadth of sampling, number of genes, and 
extent of exon 2 coverage). There were no cases in which data on 
different loci in a species were combined across studies, mainly 
because of differences between studies in which populations 
were sampled.

Because MHC characterization methodology varies so widely 
(O'Connor et al., 2019), we did not restrict our set of studies based 
on other aspects of methodology, including the number of genes 
that the authors estimated that they were amplifying, the number of 
primer pairs used to generate the sequences, the use of DNA versus 
RNA source material, or the sequencing or sequence characteriza-
tion methodology (e.g., SSCP, Illumina, cloning and Sanger).

For papers that met our inclusion criteria for MHC-IIA data, we 
then searched for MHC-IIB data (in the same paper or in a different 
paper) from the same species. Here we applied the same inclusion 
criteria, with the additional requirement that the MHC-IIB data be 
drawn from the same population as the MHC-IIA data, to allow an 
apples-to-apples paired comparison.

We gave careful consideration to issues involving the number 
and orthology of genes. Studies of some well-characterized mam-
malian systems are able to distinguish between orthologues (e.g., 
DRA, DQA, DPA). However, most studies of nonmodel systems lack 
information on the existence of orthology or copy number, and lack 
locus-specific primers. In fact, many studies do not know the num-
ber of genes that exist in their organism, nor the number of genes or 
gene copies that are being amplified by their PCR primers. Instead, 

IncludesIIAi ∼ Binomial
(

πi , ni
)

E
(

IncludesIIAi

)

∼ ni x �i and var
(

IncludesIIAi

)

= ni x �i x
(

1−�i

)

logit
(

πi
)

= ηi

�i = �1 + �2 x Yeari
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the minimum number of amplified genes is inferred based on the 
maximum number of sequences recovered from one individual. 
Consequently, studies of nonmodel species routinely produce a set 
of MHC-IIA sequences that are from multiple genes and that cannot 
be sorted into genes or lineages. As a result, any analysis of genetic 
variability or selection history must jointly examine MHC-IIA alleles 
irrespective of gene lineage. For consistency, we adopted the same 
approach for the subset of species for which gene lineages are well 
characterized (typically in mammals). That is, if a study separately 
amplified DQA and DRA, we pooled all alleles into a single charac-
terization of polymorphism and selection. This is consistent with a 
functional allelic framework across loci (rather than a gene-centred 
framework) to thinking about how much MHC variation exists and 
how selection has shaped that variation over time. Further explo-
ration of this topic with respect to the data sets in this analysis is 
provided in Section 2 of the Supporting Information.

2.3  | MHC-­IIA diversity and selection: Sequence 
alignment within species

For highly similar sequences, we used Sequencher 5.4 (Gene 
Codes Corporation, Ann Arbor, MI, USA) to separately align each 
species' MHC-IIA or MHC-IIB alleles, or used the original authors' 
alignment when available. For more divergent sequences within 
species, we made amino acid alignments using Muscle in MEGA 
X (Kumar et al., 2018). After aligning a species' MHC-IIA or MHC-
IIB sequences, we verified or trimmed the sequences to exon 2, 
trimmed the initial base(s) and final base(s) to include only complete 
codons, and eliminated any alleles that had nonunique nucleotide 
sequences after trimming.

2.4  | Allelic diversity in MHC-­IIA

We imported the aligned sequences of each species separately 
into MEGA X to measure intraspecific polymorphism in MHC-IIA. 
We measured each species' variability in nucleotide sequences by 
counting the number of unique alleles and by computing the average 
p-distance between sequences using pairwise deletion. Species 
were included in polymorphism analyses even if they had only a 
single allele, in which case DNA and amino acid allele numbers were 
set to one, and nucleotide/amino acid p-distances were recorded as 
zero. Nearly all MHC polymorphism studies lacked allele frequency 
data, and thus the p-distance calculations were conducted with a 
simplified data set that included exactly one copy of each allele, 
that is, assuming equal allele frequencies. In actuality, the allele 
frequencies are unlikely to all be equal. The direction and magnitude 
in which this would impact the estimate of p-distance would depend 
on the relative divergence of the high- and low-frequency alleles, 
which of course is unknown in the absence of allele frequency data.

We measured variability in deduced amino acid sequences 
using the same approach. After translating the trimmed nucleotide 

sequences and removing any nonunique amino acid alleles, we 
counted the number of unique alleles and computed average p-
distance in MEGA X using pairwise deletion. As with the above ap-
proach for nucleotide data, this makes the necessary simplifying 
assumption that the alleles occur at equal frequencies.

We then explored whether the number of MHC-IIA alleles 
might vary across species in relation to the scope of sampling and/
or aspects of evolutionary history. Specifically, we ran a generalized 
linear model (GLM) to test for main effects of the following fixed-
effects predictor variables: sample size (NumAnimals; continuous), 
number of genes assayed (NumGenes; continuous; as determined 
by the original authors of each data set), and taxonomy (Taxon; 
categorical: fish, amphibian, bird, mammal). The number of unique 
nucleotide sequences (NumAllelesDNA) was modeled as a negative 
binomial GLM with a log link:

2.5  |  Positive selection on MHC-­IIA

Within species, we tested whether MHC-IIA exon 2 sequences 
showed signatures of positive selection. We used EasyCodeML 
(Gao et al., 2019) to implement site models in the CodeML program 
in PAML (Yang,  2007), comparing models that include different 
amounts of purifying selection, neutral evolution, and positive 
selection.

First, we built a phylogenetic tree for the trimmed, aligned MHC-
IIA nucleotide sequences for each species separately. As described 
above, to accommodate the large number of species in which or-
thology or gene identity of alleles was unknown, we combined all 
MHC-IIA alleles from a given species into a single alignment. We 
used MEGA X to build a maximum likelihood tree, using a general 
time reversible model, with gamma-distributed rates among sites 
plus invariant sites, and pairwise deletion (MEGA's “use all sites”) to 
accommodate indels. This tree and the alignment were then used as 
inputs for EasyCodeML.

We used the Preset Mode in EasyCodeML to run different site 
models, comparing the null model M7 against the alternate model 
M8. Null model M7 is a nearly neutral model in which the values of 
ω (the ratio of nonsynonymous to synonymous substitutions, dN/dS) 
follow an empirically determined beta distribution bounded by 0 and 
1 that describes a mix of neutral evolution and purifying selection 
across sites. In the alternate model M8, additional parameters allow 
some codons to evolve by positive selection. Specifically, a beta dis-
tribution is fit to a subset of codons that are empirically determined 
to be evolving via neutral evolution or purifying selection, while a 
different subset of codons is empirically identified as undergoing 

NumAllelesDNAi ∼ NegBin
(

μi , k
)

E
(

NumAllelesDNAi

)

= �i and var
(

NumAllelesDNAi

)

= �i +
(

�i
2 ∕k

)

log
(

μi
)

= ηi

ηi = β1 + β2 x NumAnimalsi + β3 x NumGenesi + β4 x Taxoni
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positive selection in which ωs is estimated from the data as some 
value >1 (Yang et al., 2005).

We extracted three key pieces of output data:

•	 the overall evidence that a model with positive selection is 
a better fit than a nearly neutral model, i.e. the statistic of the 
likelihood-ratio test: 2(log[L(M8)] – log[L(M7)])

•	 under M8, the proportion of codons that are estimated to be 
under positive selection (i.e. p1 of M8)

•	 under M8, the magnitude of dN/dS at those codons that are esti-
mated to be under positive selection (i.e. ωs of M8)

We then explored whether the support for M8 might vary 
across species in relation to the scope of sampling and/or aspects 
of evolutionary history. Specifically, we ran a generalized linear 
model to test for main effects of the following fixed-effects pre-
dictor variables: sample size (NumAnimals; continuous), number 
of genes assayed (NumGenes; continuous), and taxonomy (Taxon; 
categorical: fish, amphibian, bird, mammal). The statistic of the 
likelihood ratio test of CodeML's model M8 as an alternative to 
the null hypothesis M7 (M8_LnL) was modeled as a gamma GLM 
with a log link:

2.6  | MHC-­IIA diversity and selection: 
Comparisons with MHC-­IIB

For a subset of the species with MHC-IIA data, we were able to 
find MHC-IIB data from the same individuals or populations. This 
allowed a test of whether MHC-IIA and MHC-IIB differ in number 
of alleles or in evidence for positive selection, when controlling 
for the other possible sources of interspecific variation described 
above. Thus, for these two response variables (NumAllelesDNA and 
M8_LnL) we compared MHC-IIA and MHC-IIB by running general-
ized linear mixed models (GLMMs). These models were similar to 
the GLMs outlined above except that we included two additional 
predictor variables: Class as a fixed effect (categorical: IIA, IIB) and 
Species as a random intercept to account for dependency of MHC-
IIA and MHC-IIB data from the same species. This GLMM structure 
allowed us to ask if a species' MHC-IIA and MHC-IIB differ in diver-
sity or selection history, when controlling for potential effects of 
sample size (NumAnimals), number of genes amplified (NumGenes), 
and taxonomic group (Taxon: mammal, bird, amphibian, fish).

The number of unique nucleotide sequences (NumAllelesDNA) 
was modeled as a Poisson GLMM with a log link:

Evidence for positive selection – i.e. the statistic of the likelihood 
ratio test of CodeML's model M8 as an alternative to the null hypoth-
esis M7 (M8_LnL) – was modeled as a gamma GLMM with a log link:

GLMs and GLMMs were run in R 4.1.1 (R Core Team, 2021) with 
the lme4 (Bates et al., 2015), MASS (Venables & Ripley, 2002), contrast 
(Kuhn et al.,  2021), multcomp (Hothorn et al.,  2008), and emmeans 
(Lenth,  2022) packages. Code is available on Dryad as described in 
the Data Availability statement. Significance of predictor variables 
was assessed by single-term deletion, dropping them individually from 
the model and testing for worse fit using a likelihood test. Differences 
between levels of significant categorical variables (i.e., taxon) were as-
sessed with post hoc contrasts with unadjusted p-values.

GLMs and GLMMs were fitted and validated by assessing the 
following: over- or under-dispersion; excess zeroes in the response 
variable; multicollinearity among the predictors; departures from 
linearity in Q-Q plots; patterns in plots of residuals versus fitted val-
ues, scale versus location, and residuals versus leverage; values of 
Cook's Distance; and patterns in plots of residuals versus predictors.

3  |  RESULTS

3.1  |  Prevalence of MHC-­IIA versus MHC-­IIB in 
studies of sexual selection or infectious disease

Our literature search found that ecological studies of class II MHC 
have indeed heavily focused on MHC-IIB at the expense of MHC-
IIA (Figure  2). In studies of sexual selection and class II MHC, the 

M8_LnLi ∼ Gamma
(

μi , τ
)

E
(

M8 _LnLi
)

= �i and var
(

M8 _LnLi
)

=
(

�i ∕�
)

log
(

μi
)

= ηi

ηi = β1 + β2 x NumAnimalsi + β3 x NumGenesi + β4 x Taxoni

NumAllelesDNAij ∼ Poisson
(

μij
)

E
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NumAllelesDNAij

)
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)
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)
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(
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overwhelming majority of papers included only MHC-IIB data (n = 106), 
versus studies that examined MHC-IIA (n = 3) or both IIA and IIB (n = 7). 
Put another way, 97% of the 116 class II sexual selection papers exam-
ined MHC-IIB data, whereas only 9% examined MHC-IIA data. The use 
of MHC-IIA data in class II sexual selection studies has not increased 
with time (no significant effect of publication year in logistic regression: 
likelihood X2

1 = 2.64, p = .104, pseudo-R2 = 0.04; Table S1).
Likewise, studies of disease associations have disproportionately 

focused solely on MHC-IIB (n  =  78 papers), versus those that ex-
amined MHC-IIA (n = 9) or both IIA and IIB (n = 8). In total, 91% of 

the 95 class II disease papers examined MHC-IIB data, whereas only 
18% examined MHC-IIA data. The use of MHC-IIA data in class II 
disease studies has not increased with time (no significant effect of 
publication year in logistic regression: likelihood X2

1 < 0.01, p = .99, 
pseudo-R2 < 0.01; Table S2).

3.2  | MHC-­IIA diversity and selection: Summary of 
MHC-­IIA data sets

We found MHC-IIA studies of 50 vertebrate species that met 
our inclusion criteria for analysis of diversity (see Appendix 1 and 
Methods; e.g., including studies which found just one allele in a 
species). The median sample size of analysed individuals was 26 
(range: 2–674), and the number of genes assayed ranged from 1 to 4. 
Mammals were the most commonly studied group (n = 31), followed 
by bony fish (n = 13), birds (n = 4), and amphibians (n = 2). Of those 50 
data sets, 42 contained at least three alleles (the required minimum 
number of alleles for CodeML) and thus were also amenable to 
CodeML tests of positive selection. We refer readers to Section 2 of 
the Supporting Information for detailed comments on our decision 
to pool alleles across genes within species.

3.3  | Allelic diversity in MHC-­IIA

The number of MHC-IIA alleles varied widely across data sets, with 
a median of two genes assayed and eight unique exon 2 nucleotide 
sequences detected per species (quartiles: 4, 15; Figure  3). We 
used a GLM to test three variables that might explain some of this 
interspecific variation in number of alleles. The number of MHC-IIA 
alleles reported in a species covaried positively with sample size 
(GLM likelihood ratio X2

df = 1 = 11.1, p =  .001) and with number of 
genes assayed (GLM likelihood ratio X2

df = 1 = 6.3, p = .012), but there 
was no significant variation among taxonomic groups (mammal, 
bird, amphibian, fish; GLM likelihood ratio X2

df = 3 = 6.5, p =  .088). 
Explained deviance for the model was 30.8% (Figure 4, Table S3). 
A separate GLM of only mammals found significant differences in 
MHC-IIA diversity between the six mammalian orders represented 
in our data sets (Figure S1, Table S4).

Within species, the reported MHC-IIA alleles were diverse: the 
mean p-distance between a species' alleles was 0.125 ± 0.101 SD for 
nucleotide sequences, and 0.191 ± 0.130 SD for inferred amino acid 
sequences (Figure S2). We also found that the number of amino acid 
sequences within a species almost perfectly mirrored the underlying 
number of DNA haplotypes, with a slope of 0.959 (95% CI: 0.926–
0.991) and an r2 of 0.986 (Figure S3).

3.4  |  Positive selection on MHC-­IIA

MHC-IIA sequences showed evidence of positive selection in most 
species when assessed with CodeML. We measured the statistic of 

F IGURE  2 Prevailing use of MHC-IIB and MHC-IIA data in 
empirical studies of sexual selection (top) and disease (bottom) 
published between 2000 and 2021. Each circle represents one 
study. In both sets of papers, the prevalence of MHC-IIA data has 
not increased significantly over the past two decades (see text). 
(a) Studies of sexual selection, classified by whether a paper's 
data includes MHC-IIA (n = 3), IIA and IIB (n = 7), or just MHC-IIB 
(n = 106). In total, 97% of the 116 class II sexual selection papers 
examined MHC-IIB data, whereas only 9% examined MHC-IIA data. 
(b) Studies of disease associations, classified by whether a paper's 
data includes MHC-IIA (n = 9), IIA and IIB (n = 8), or just MHC-IIB 
(n = 78). In total, 91% of the 95 class II disease papers examined 
MHC-IIB data, whereas only 18% examined MHC-IIA data. 
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the likelihood ratio test of model M8, which incorporates positive 
selection at an empirically determined subset of codons, versus null 
model M7, which allows only purifying selection and drift. In 30 of 
42 vertebrate species (71%), the evidence for M8 exceeded the criti-
cal value of X2

df = 2 = 5.99 (Figure S4). Across the 42 species, the pro-
portion of MHC-IIA exon 2 codons estimated as being under positive 
selection (i.e., p1 of M8) had a median value of 0.188 (Figure S4). For 
those codons classified by M8 as being under positive selection, the 
median value for ωs of M8 was 5.4 (Figure S4).

We used a GLM to test three variables that might explain some 
of the interspecific variation in the evidence for positive selec-
tion on MHC-IIA. The support for CodeML's model M8 differed 
between taxonomic groups (GLM likelihood ratio X2

df  =  3  =  19.9, 
p = .0002) but did not covary with sample size (GLM likelihood ratio 
X2

df = 1 = 1.7, p = .190) or number of genes assayed (GLM likelihood 
ratio X2

df = 1 = 0.3, p = .584). Explained deviance for the model was 
27.5% (Table  S5). Post-hoc contrasts across the four taxonomic 
groups found stronger evidence for positive selection in fish than in 
any other group (p = .001 vs. mammals, p = .010 vs. birds, p = .002 
vs. amphibians), while mammals, amphibians, and birds did not differ 
from each other (all p > .08; Figure 5).

3.5  | MHC-­IIA diversity and selection: 
Comparisons with MHC-­IIB

Of the 50 species with MHC-IIA data, 27 also had MHC-IIB data 
from the same individuals or populations. Of those joint IIA / IIB 
data sets, 20 of 27 species had enough alleles at both IIA and IIB for 
CodeML analysis of both types of genes. Although we restricted our 
MHC-IIB data sets to those drawn from at least the same population 

F IGURE  3 MHC-IIA variability across the 50 analysed data sets. 
(a) At the allelic level, the detected number of unique MHC-IIA exon 
2 nucleotide sequences ranged from 1 to 55 across 50 species, with 
a median of 8. (b) At the gene level, the data sets from the top panel 
each assayed between 1 and 4 MHC-IIA genes. 
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as the MHC-IIA data, the corresponding studies frequently differed 
in sample size (7 of 27 studies) or in number of genes assayed (12 of 
27 studies). Thus, to test robustly for differences in polymorphism 
or selection in MHC-IIA versus MHC-IIB, we fitted GLMMs to com-
pare IIA and IIB while accounting for potential effects of those other 
variables.

Although MHC-IIA was polymorphic, it was roughly 25% less so 
than MHC-IIB, as assessed in a Poisson GLMM with log link. Among 
27 species with appropriate IIA and IIB polymorphism data, the num-
ber of unique exon 2 nucleotide sequences was lower in MHC-IIA 
than in MHC-IIB (GLMM likelihood ratio X2

df = 1 = 10.9, p = .0009), 
when accounting for positive effects of sample size (GLMM like-
lihood ratio X2

df  =  1  =  24.1, p  =  .0001), number of genes assayed 
(GLMM likelihood ratio X2

df = 1 = 20.1, p =  .0001), and differences 
among taxonomic groups (GLMM likelihood ratio X2

df  =  3  =  10.0, 
p =  .0183) (Figure 6, Figure S5, Table S6). The overall model had a 
pseudo-R2 of 0.52 for fixed effects (NumAnimals, NumGenes, and 
Taxon), and a total pseudo-R2 of 0.86 when including the random ef-
fect of species. More concretely, a species had an average of roughly 
three fewer alleles in MHC-IIA than in MHC-IIB (marginal means ± 
SE: 7.9 ± 1.3 for IIA, vs. 10.6 ± 1.7 for IIB). Post-hoc contrasts on tax-
onomic groups also found that fish and amphibians both had roughly 
twice as many class II alleles as mammals (z  =  3.10, p  =  .002 and 
z = 1.98, p = .048, respectively; Figure S5), while no other pairwise 
comparisons between taxonomic groups were significant (all p > .16).

Using a similar mixed-model approach, we found that signals of 
positive selection were stronger for MHC-IIB than for MHC-IIA. 
With 40 matched data sets from 20 species, we fit a GLMM to 
predict variation between data sets in the statistic of the likeli-
hood ratio test of CodeML's model M8 as an alternative to the null 
hypothesis M7. This evidence for positive selection was roughly 
twice as strong for MHC-IIB than for MHC-IIA (GLMM likelihood 
ratio X2

df = 1 = 5.0, p = .0254) when controlling for positive effects 
of sample size (GLMM likelihood ratio X2

df  =  1  =  7.6, p  =  .0057), 
number of genes assayed (GLMM likelihood ratio X2

df = 1 = 12.8, 
p  =  .0004), and differences among taxonomic groups (GLMM 

F IGURE  5 Signals of positive selection at MHC-IIA in 
vertebrates. Observed values (green dots, n = 42) and estimated 
marginal means (grey diamonds ± SE) from a GLM analysing the 
statistic of the likelihood ratio test of CodeML's model M8 as an 
alternative to the null hypothesis M7 for IIA in 42 species. This 
evidence of positive selection on IIA was greater in fish than in 
other taxonomic groups, but was not significantly related to sample 
size or number of genes assayed. Points are horizontally dodged 
for clarity. Estimated marginal means by taxonomic group account 
for effects of other covariates in the model. See Table S5 for GLM 
parameters. 
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F IGURE  6 Comparison of MHC-IIA and MHC-IIB diversity (a) 
and positive selection (b). Observed values (small green dots, with 
lines connecting data from same species) and estimated marginal 
means (large black diamonds, ± SE) from GLMMs are shown, to 
account for effects of other covariates. (a) Number of unique class 
II exon 2 nucleotide sequences in a species. See Table S6 for GLMM 
parameters. (b) Evidence for positive selection in a species, as 
measured by the statistic of the likelihood ratio test of CodeML's 
model M8 as an alternative to the null hypothesis M7. See Table S7 
for GLMM parameters. In both GLMMs, the response variable 
was modeled as a function of fixed main effects of Class (IIA, 
IIB), sample size, number of genes assayed, and taxonomic group 
(mammal, bird, amphibian, fish). Species was used as a random 
effect to account for dependencies in IIA and IIB data sets from the 
same species. 
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likelihood ratio X2
df = 3 = 20.7, p = .0001) (Figure 6, Figure S6, and 

Table S7). Marginal and conditional pseudo-R2 for the model were 
both 0.63, because the random effect of species did not account 
for a measurable amount of variation in the response variable (un-
like the GLMM of number of alleles, where species was important). 
Post-hoc contrasts on taxonomic groups found stronger evidence 
for positive selection in fish than in mammals (p < .0001) or am-
phibians (p = .0004); other pairwise contrasts were not significant 
(all p > .05; Figure S6).

4  | DISCUSSION

As a starting point, our literature summary provided a quantitative 
confirmation that the genes encoding the alpha subunit of class II 
MHC have received very little attention, compared to MHC-IIB, in 
studies of functional variation such as sexual selection or disease 
associations (Figure  2). Furthermore, this attention to MHC-IIA 
has not increased markedly over the past two decades. This ob-
served scarcity of MHC-IIA data in studies of sexual selection or 
disease cannot be entirely attributed to a lack of PCR primers or 
other foundational studies on IIA: a search for basic characteriza-
tions of MHC-IIA genes found studies of 50 different vertebrate 
species that met our inclusion criteria for assessing polymorphism 
and positive selection. Our analyses of those 50 species found 
that MHC-IIA is often polymorphic and shows signatures of posi-
tive selection, making the case that studies of ecology, evolution, 
and conservation in MHC class II should incorporate IIA much 
more often.

4.1  |  Conclusions on MHC-­IIA variability and 
patterns of selection

The first broad conclusion from our analysis of those DNA se-
quence data sets is that MHC-IIA is often polymorphic, with a 
median of eight and as many as 55 alleles reported. Not surpris-
ingly, the extent of polymorphism varied widely across studies. 
This interspecific variation in the number of MHC-IIA alleles was 
not driven by any consistent differences between mammals, birds, 
amphibians, and fish (although there was variation between mam-
malian orders – see Figure S1, Table S4). However, the number of 
MHC-IIA alleles covaried positively with the number of animals 
sampled, and also with the number of genes assayed. The most 
likely explanation for the relationship with sample size is simply 
that greater sampling effort yields more alleles, akin to a species 
accumulation curve in ecology (Gotelli & Colwell,  2001). In con-
trast to this straightforward sample size effect, the relationship 
between number of alleles found and number of genes assayed is 
more challenging to interpret, as researchers often do not know 
whether the number of MHC-IIA genes being assayed is repre-
sentative of the number of MHC-IIA genes actually present in the 
genome. One possible interpretation of the positive relationship 

between number of alleles found and number of genes assayed 
is a sampling artefact: studies find more alleles if they assay a 
greater proportion of the (known or unknown number of) exist-
ing genes. This explanation is valid only if the number of MHC-IIA 
genes assayed in a given study does not tightly correspond to the 
true number of IIA genes in the focal species' genome. An alter-
native explanation is that the true number of IIA alleles and the 
true number of IIA genes in a species might covary biologically. 
For example, evolutionary forces favouring MHC diversification in 
a species or lineage could lead to gene duplication and subsequent 
divergence, producing both more genes and more unique alleles 
over time.

The second main conclusion is that MHC-IIA genes within a spe-
cies usually showed strong signatures of positive selection, rather 
than evolving solely via purifying selection and drift. Our CodeML 
analyses found that, in over 70% of species, MHC-IIA alleles exhib-
ited a significantly better fit to an evolutionary model with positively 
selected sites than to a null model that allows only purifying selec-
tion and drift. Furthermore, a median of 19% of sites in exon 2 were 
identified as being under positive selection, and the estimated value 
of dN/dS at these positively selected sites was high, with a median 
value of 5.4.

As with allelic polymorphism, there was substantial variation 
among species in the strength of support for positive selection 
on MHC-IIA. However, the predictors of that interspecific varia-
tion were not the same as for IIA polymorphism levels. The signal 
strength of positive selection on MHC-IIA in a species showed no 
effect of sample size or number of genes assayed, but was stronger 
in fish than in mammals, birds, or amphibians. The lack of effect of 
sample size and number of genes might mean that even a relatively 
small sample of a species' alleles captures enough of the phyloge-
netic diversity of MHC sequences to yield a meaningful test for pos-
itive selection.

The detection of stronger evidence of positive selection on 
MHC-IIA in fish than in other groups has several candidate inter-
pretations. One centres on aquaculture. Eight of the 13 IIA data 
sets from fish were from hatchery or aquaculture settings, where 
the high density of a single fish species and the spatial overlap of 
adults and juveniles can set the stage for more pronounced dis-
ease transmission (Krkošek et al., 2006; Pulkkinen et al., 2010). If 
enough time elapses, the resulting pathogen-mediated selection 
on MHC (Cao et al., 2018; Yang et al., 2016) might not only alter 
allele frequencies of standing genetic variation, but also lead to 
signals of positive selection. There might also be direct artificial 
selection for parasite-resistant traits in aquaculture species (Kube 
et al.,  2012), given that the proportion of farmed or domesti-
cated species in our data set was somewhat higher in fish (8 of 13 
species) than in mammals (9 of 31 species). Another explanation 
for greater positive selection in fish could be the different ge-
nome structure of teleosts, in which the major histocompatibility 
genes are not packed into a dense complex (Grimholt, 2016; Stet 
et al., 2003). In particular, the lack of linkage between class I and 
class II genes in fish can decouple how those genes evolve, which 
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might create more scope for MHC-IIA to respond to pathogen-
mediated selection even in the presence of strong selection on 
class I from different pathogens.

The third main conclusion from our analyses is that although 
MHC-IIA generally exhibits polymorphism and a history of positive 
selection, both phenomena are more pronounced in the population-
matched IIB data sets that we examined. In the subset of 27 spe-
cies with appropriate data, studies of MHC-IIB reported an average 
of three more alleles than studies of MHC-IIA (10.6 vs. 7.9) when 
controlling for potential effects of sample size, number of genes 
assayed, and taxonomic group. Likewise, in the subset of 20 spe-
cies amenable to CodeML analysis for both types of genes, MHC-
IIB showed stronger evidence for positive selection than MHC-IIA 
when controlling for those same covariates. Given the tight interac-
tion of alpha and beta subunits in the MHC heterodimer (Figure 1), 
and the key role of the MHC in immune defence and mate choice, 
our findings nevertheless underscore the importance of examining 
both IIB and IIA sequences in such studies. As genomic organization 
of the MHC becomes better understood in a wider range of spe-
cies, it should become possible to test whether polymorphism and 
diversifying selection in MHC-IIA are more evident in A-B gene pairs 
that experience low recombination rates, as predicted by the idea 
that high A-B recombination constrains one subunit to a “best av-
erage fit” with the alleles of the other, more polymorphic, subunit 
(Kaufman, 1999).

4.2  |  Calls for future studies

Class IIA of the MHC clearly warrants more attention. Our analysis 
of MHC-IIA from 50 species of vertebrates provides variable but 
important evidence for (i) allelic polymorphism and (ii) a history 
of positive selection. This evidence is in line with theoretical 
expectations, given the contribution of IIA to the peptide binding 
groove, but is strongly at odds with the widespread lack of IIA data 
in studies of the functional importance of class II diversity. This leads 
us to make three broad calls for future studies.

First, we encourage researchers to characterize allelic polymor-
phism and selection history in MHC-IIA in additional species. Given 
that 44 of the 50 MHC-IIA data sets in our meta-analysis came from 
mammals and bony fish, future studies should give increased atten-
tion to other taxa, for example, birds, other reptiles, amphibians, and 
cartilaginous fish.

Second, we need to better ascertain the number, location, and 
orthology of MHC-IIA genes as part of studying MHC genomics in 
a wide range of taxa. The known variation in MHC genomics – even 
within major vertebrate groups, such as between songbirds and 
chicken Gallus domesticus (O'Connor et al., 2019) or between Atlantic 
salmon Salmo salar and Atlantic cod Gadus morhua (Grimholt, 2016) 
– emphasizes the shortcomings in what is known about most other 
species. As can be true of MHC-IIB, work on the evolution of 
MHC-IIA alleles is hampered by this lack of fundamental genomic 
knowledge. For example, if a study cannot assign MHC-IIA alleles to 

specific MHC-IIA genes, then it becomes impossible to answer ques-
tions about allele frequencies and mechanisms of balancing selec-
tion (Phillips et al., 2018) or about lineages of alleles over deep time 
(Goebel et al., 2017). Although such work has progressed much fur-
ther in mammals, where characterization and annotation of MHC-
IIA lineages is far advanced (e.g., Amills et al., 2008), we found only 
four mammalian species with sufficient data for measuring MHC-IIA 
polymorphism in all three genes (DPA, DQA, DRA), and only two 
of those species had complete data for assessing positive selection. 
Our analysis therefore could not break down MHC-IIA variability to 
gene/lineage level, not even in mammals. More broadly, additional 
comparative data on MHC genomics are required to understand not 
only orthology but also whether MHC-IIA resembles MHC-IIB in 
phenomena such as gene expansion (He et al., 2021) and copy num-
ber variation (Minias et al., 2019; Talarico et al., 2022).

To tackle these genomic questions, MHC research should take 
advantage of improvements in long-read sequencing technologies, 
as several recent studies have done (Cheng et al.,  2021; Fuselli 
et al., 2018; He et al., 2021). PacBio and NanoPore sequencing now 
can generate reads from 10s to 100s of kb (Amarasinghe et al., 2020; 
Hon et al.,  2020), circumventing the problems inherent in making 
MHC assemblies from short sequencing reads (He et al.,  2021). A 
wider understanding of MHC gene identity, lineage history, and 
genomic organization would greatly enhance our ability to explore 
patterns of polymorphism and selection in MHC-IIA, and should lead 
to a clearer picture of important phenomena such as linkage, gene 
duplication, and copy number variation.

Third, an important area for future studies is to expand our 
understanding of class II heterodimer formation. Molecular char-
acterization of MHC-IIA genes is an important step, but ultimately 
a functional perspective on class II MHC will require an improved 
understanding of the joint action of the alpha and beta subunits of 
the protein. This will be most easily achievable in species with only 
a single classical MHC-IIA and MHC-IIB gene (e.g., Atlantic salmon) 
(Grimholt,  2016), but will be more complicated in other taxa. In 
species with a single MHC-IIA and multiple MHC-IIB genes (e.g., 
chicken), the alpha subunit may be evolutionarily constrained by 
the need to work effectively with different beta subunits – that is, a 
best average fit (Salomonsen et al., 2003). In other species, there are 
multiple MHC-IIA and multiple MHC-IIB genes (e.g., Leach's storm-
petrel, Hydrobates leucorhous), raising the question of whether spe-
cific A-B gene combinations always pair in a heterodimer and thus 
might coevolve as a team (Rand et al., 2019). Outside of a few pri-
mate and rodent models (Askew & Harding,  2002; Braunstein & 
Germain, 1987; Temme et al., 2019), we currently lack data to inves-
tigate these questions.

4.3  | Outlook

Our meta-analysis shows that – despite their historical underrep-
resentation in immunogenetic studies – MHC-IIA genes are nearly 
as polymorphic as MHC-IIB and show clear signals of positive 
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selection. Undoubtedly, there are some species where MHC-IIA 
diversity is quite limited and where a strong focus on MHC-IIB is 
probably justified, but researchers can no longer simply assume 
that this is the case in less well-studied species. We therefore 
suggest that it is conceptually important to incorporate MHC-IIA 
data into studies of pathogen-mediated selection, mate choice, 
and other aspects of ecology and evolution. The class II peptide 
binding groove is encoded by two types of genes, and it is time to 
consider them both to gain an integrative understanding of their 
functional importance.
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