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Abstract: The major histocompatibility complex (MHC) is a multi-copy immune gene family in
vertebrates. Its genes are highly variable and code for antigen-presenting molecules. Characterization
of MHC genes in different species and investigating the mechanisms that shape MHC diversity is
an important goal in understanding the evolution of biological diversity. Here we developed a next-
generation sequencing (NGS) protocol to genotype the MHC class I genes of 326 Godlewski’s buntings
(Emberiza godlewskii) sampled in the Western mountain area of Beijing from 2014 to 2016. A total of 184
functional alleles were identified, including both non-classical and classical alleles, clustering into nine
supertypes. Compared with other passerine birds, the number of MHC class I alleles per individual in
Godlewski’s buntings is high (mean 16.1 ± 3.3, median 16). In addition, we demonstrated signatures
of historical and contemporary selection on MHC genes. Reflecting historical selection, ten amino
acid sites in the antigen-binding domain showed signatures of balancing selection, eight of which
exhibit high amino acid polymorphism. In terms of contemporary selection, we found that specific
MHC supertypes were nominally associated with the infection of two malaria parasite lineages. These
findings indicate the action of historical and possibly also contemporary balancing selection and
suggest negative frequency-dependent or fluctuating selection as possible selection mechanisms.

Keywords: MHC; Godlewski’s bunting; positive selection; supertypes; malaria parasites

1. Introduction

The immune system is critical in pathogen resistance as it provides different mecha-
nisms to protect the host from infection. Therefore, the genetic diversity of immune genes
is assumed to be strongly linked with the infection of pathogens and is maintained through
coevolution between hosts and pathogens [1]. Among the immune genes that have been
intensively studied in vertebrates, major histocompatibility complex (MHC) genes play a
crucially important role in adaptive immunity [2–5]. MHC molecules encoded by MHC
genes are capable of binding both self-derived and pathogen-derived peptides and present-
ing them to T cells to invoke an adaptive immune response. There are two main classes of
MHC genes: Class I genes encode molecules that are responsible for binding intracellular
peptides while class II genes encode molecules that are responsible for binding extracellular
peptides. MHC genes are among the most variable gene families in vertebrates and the
mechanisms driving diversity of MHC genes have received considerable attention [4,6,7].
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Parasite-mediated selection is thought to be a critical driver for the polymorphism of
MHC diversity. Three main hypotheses have been proposed to elucidate the association
between pathogens and MHC genes [6]. (1) Heterozygote advantage: individuals which
are heterozygous across the MHC can recognize a greater variety of pathogen antigens thus
variations at MHC loci are selected and maintained [8]. (2) Rare-allele advantage: there is
strong selection on pathogens to evade immune protection provided by the most common
MHC alleles resulting in rare MHC alleles having a selective advantage [9]. However, the
advantage disappears when the frequency of a protective MHC allele increases and this will
maintain MHC variations by negative frequency-dependent selection [8,10]. (3) Fluctuating
selection: a changing environment results in different parasites being abundant in space
and time which generates directional selection in different subpopulations at different
time points to maintain MHC diversity [11]. Although each of the three hypotheses can
be supported by certain studies, the relative importance of these three hypotheses is still
not clear [6,7]. Besides the paradigm of parasite-mediated selection, sexual selection is
viewed as another important force to drive MHC diversity [12]. Mate choice based on
MHC diversity or MHC compatibility has been reported in several studies [13,14] while
other studies reported negative results [15]. Similar with parasite-mediated selection, it is
hard to draw a clear conclusion about MHC-dependent selection from these mixed results
and thus more case studies are needed to figure out the detailed selection mechanisms that
shape MHC variations.

The number of MHC gene copies varies between different species. In avian species,
chickens are believed to have “Minimum essential MHC” with only two class I and class
II genes [16]. However, Passerine birds possess the most variable and complex MHC
systems in birds [17–19]. For instance, a study of MHC class I genes across Passerida has
found the number of MHC alleles per individual varies from 3–7 in bluethroat (Luscinia
svecica) to 27–35 in willow warbler (Phylloscopus trochilus) [20]. A more recent study of
sedge warbler (Acrocephalus schoenobaenus) reported the highest diversity of MHC Class
I genes in passerine birds with a maximum of 65 alleles per individual [21]. However,
despite the high diversity of MHC genes in passerine birds, some alleles have limited
expression (non-classical alleles) while others are highly expressed (classical allele). Pat-
terns of classical alleles and non-classical alleles have been identified in three sparrow
species which indicates the complexity of Passerine MHC genes [22]. Because of the high
diversity of MHC genes in passerine birds, it is crucially important to carefully characterize
MHC genes in passerine birds in order to understand the mechanisms shaping MHC
diversity. With the application of next generation sequencing (NGS) methods in MHC
genotyping [23,24], passerine MHC genes have attracted considerable attention and the
number of related studies has increased rapidly [21,25–29]. Avian malaria is widespread
among passerine birds [30,31] and has been found to be associated with MHC genes in
some passerine species [17], indicating the potential role of malaria parasites in shaping
the diversity of MHC genes. However, it is not clear which selection mechanism is op-
erating based on the evidence from previous studies that examined association between
MHC variation and malaria parasites. Some studies identified associations between MHC
diversity and malaria parasites [28,32] while others demonstrated associations between
specific MHC alleles or supertypes and malaria parasites [29,33]. Thus, it is important to
examine MHC-malaria association in a wide range of taxa to figure out the specific selection
mechanism [28,33–36].

Godlewski’s Bunting (Emberiza godlewskii) is a common resident bird in mountains
of North China. Almost 90% of the Godlewski’s Buntings in Beijing were infected by
haemosporidian parasites and most of the infections were caused by three dominant Plas-
modium lineages (ALARV04, PADOM02 and DENVID02) and one dominant Leucocytozoon
lineage (EMSPO05) with annual stability [37], which makes it an interesting study system
to explore the association between MHC variation and malaria parasites. In this study, we
characterized MHC class I exon 3 of MHC class I genes in Godlewski’s buntings. Exon 3
encodes an important part of the peptide binding domain of MHC class I molecules. MHC
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class I genes are more polymorphic and associated with parasite resistance and mate choice
in other passerine birds [34,38]. After establishing an NGS-based genotyping method to
identify MHC alleles in Godlewski’s buntings, our further analysis focused on the follow-
ing aspects: (1) Characterize the population level and individual level of genetic diversity
of MHC class I genes in Godlewski’s buntings. (2) Determine the functional variation
of MHC class I genes in Godlewski’s buntings. (3) Identify signatures of historical and
contemporary selection on MHC genes in Godlewski’s buntings under malaria selection.

2. Materials and Methods
2.1. Sampling

We captured 326 male Godlewski’s buntings by mist net and collected blood samples
from brachial vein between 2014 and 2016 in Beijing, China (Sampling Approval by Beijing
Normal University: No. CLS-EAW-2013-007) (Supplementary Materials Figure S1). Seven
blood samples were stored in RNAfixer (Bioro yee, Beijing, China) for RNA extraction
while the others were stored in ethanol.

2.2. DNA and RNA Extraction

Total genomic DNA was extracted from blood samples using the TIANamp genomic
DNA kit (TIANGEN). RNA was extracted using the RNAstore Blood RNA Kit (Bioro
yee) and reverse transcribed to complementary DNA (cDNA) using the PrimeScript™ RT
reagent Kit with gDNA Eraser (Perfect Real Time) (TaKaRa, Beijing, China) according to
the manufacturer’s protocol.

2.3. PCR Amplification and NGS Sequencing

To amplify the partial exon 3 of MHC class I genes, the primers (MHCD-F2: TWMYG-
GCTGTGAMCTYCY, MHCD-R2: TTGYRCTCCARCYCYTTC ), refined from established
primer pair MHCD-F/R, were used to amplify a fragment between 205 bp and 222 bp [27].
The MHCD-F/R was first selected after comparison with other pairs of degenerate primers
(HN34/HN45 and MhcPasCI-FW/MhcPasCI-RV) and had the best performance in terms of
efficiency and specificity [39,40]. As the fragments amplified by MHCD-F/R are included
in those amplified by HN34/HN45, we compared the sequences generated by MHCD-F/R
and HN34/HN45 and refined the primers based on the alignments such that some bases in
MHCD-F/R were replaced with degenerate bases and vice versa. However, it is possible
that the primers can only amplify a fraction of MHC class I alleles. Each of the two primers
was extended with 9 bp tags at the 5’ end which consist of an identical 6 bp tag for library
construction and a specific 3 bp tag to distinguish the amplicon from the pooling samples.
PCR was performed in a 20 µL reaction with 1 µL of each primer, 1 µL DNA, 7 µL ddH2O,
and 10 µL PCR Mastermix (TaKaRa). PCR conditions included an initial denaturation
at 94 degrees C for 5mins, followed by 35 cycles of denaturation at 94 degrees for 30 s,
annealing at 63 degrees for 30 s and extension at 72 degrees for 30 s with a final step at
72 degrees for 7 min. The amplifications were performed in 96-well PCR plates with 6
negative controls per PCR plate. Successful PCR products verified by electrophoresis were
then pooled into 47 mixed samples (eight or nine amplicons in each sample) with different
barcode combinations as the short-gun sequencing library. The paired-end sequencing was
performed on the MiSeq PE250 platform (Illumina, San Diego, US). Pairs of reads from the
original DNA fragments were merged using FLASH [41], and filtered by QIIME [42]. The
PCR amplicons from two 96-plates were pooled in one sequencing run to obtain a coverage
of 50,000–100,000 reads per amplicon.

2.4. MHC Allele Genotyping and Classification

After amplicon sequencing, Trimmomatic v 0.36 [43] was used to filter the sequencing
data from genomic DNA and RNA samples. In this step, (1) adapter sequences; (2) the reads
that more than 10% sites were missing and (3) the reads more than 50% sites were lower
than Q20 were removed. All qualified reads were uploaded to the Amplisas server [44,45]
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for MHC allele genotyping. Amplisas is an online server for analysing amplicon sequencing
result that integrates demultiplexing, variant clustering and allele filtering by user-specified
parameters. Reads were first assigned to individuals by the unique barcode combinations
and then clustered by default parameters. Amplisas includes a set of rules that aid in
the detection and removal of PCR artefacts, which are prone to occur during multi-locus
amplification and are a common problem in any MHC genotyping approach [46]. To further
separate sequencing artefacts from putatively true alleles, we manually deleted some alleles
based on the following two criteria: (1) remove variants whose maximum per amplicon
frequency depth (MPAF) was lower than 1%; (2) exclude variants that appeared only in
a single individual in the dataset. Given that MHC genes often exhibit an excess of rare
alleles, the latter criterion might bias the retained allele repertoire towards higher-frequency
alleles. However, we here chose this approach to achieve higher confidence in the allele
calls and also because of the large sample size. For other studies, corresponding filtering
settings need to be chosen carefully with regard to the sample size and the specific analyses
that are intended.

2.5. Functional Allele Identification and Phylogenetic Analysis

Previous studies on MHC have revealed three broad classes of allelic sequences that
can be detected by amplicon sequencing: (1) non-functional alleles, which are characterized
by premature stop-codons or other features that prevent their translation and which are
usually derived from MHC pseudogenes that are often remnant of the birth-and-death
model by which the MHC gene family is thought to evolve [47]. (2) non-classical alleles,
which are characterized by low polymorphism and no or low expression as well as a lack
of signatures of selection, presumed to derive from genes coding for non-classical MHC
molecules that serve basal functions in antigen-loading, and (3) classical alleles, which are
characterized by high sequence polymorphism, signatures of selection and moderate to high
expression. We therefore first examined whether alleles bear complete open reading frame
by sequence alignment and those who do not bear a complete open reading frame were
considered as non-functional alleles. Previous studies in passerines have found classical as
well as substantial numbers of non-classical MHC alleles [22,45]. Compared with classical
alleles, non-classical ones have lower expression levels and different evolutionary histories.
We therefore carried out an additional filter step based on phylogenetic analysis and
expression level to investigate the possibility of non-classical alleles in our study system.
The relative expression level (Dexp−depth) of each MHC I allele was measured as relative read
depth per allele (Dexp−depth = the sequencing depth of the allele ÷ the sequencing depth of
the corresponding individual). This analysis identified a highly supported monophyletic
clade that only included non-expressed alleles and was thus designated as non-classical
clade and excluded from further analysis.

To infer the phylogeny of MHC alleles, nucleotide substitution models were first
tested with jModelTest (Version 2.1.3) and the best-fit model (TN93+I+G) was determined
based on Bayesian Information Criterion (BIC). The Bayesian tree was then reconstructed
using BEAST (Version1.8.0) and the Markov chain Monte Carlo (MCMC) was set with
the length of the chain as 1 × 107 and log parameters as every 1 × 103 generations. Tracer
v1.5 (http://tree.bio.ed.ac.uk/software/tracer/, accessed on 17 April 2021) was used to
measure the convergence of MCMC chains until the ESS of all parameters were above 200.
Finally, the maximum credibility tree was estimated by TreeAnnotator (Version 1.8.0) and
the selected tree was adjusted and analyzed with iTOL (Version 6.6). Two phylogenetic
trees were constructed for all 478 alleles and alleles with 212 bp and 215 bp length.

2.6. Historical Selection on MHC Alleles

To examine positively selected sites (PSSs) in classical MHC genes, we calculated
the ratio of nonsynonymous (dN) to synonymous sites (dS) by CodeML, implemented in
PAML [48]. A dN/dS ratio > 1 indicates positive selection whereas ratios < 1 indicates
negative (purifying) selection. Here, we used site models implemented in CodeML that

http://tree.bio.ed.ac.uk/software/tracer/
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allow dN/dS to vary across amino acid sites to examine which sites are under positive
selection. Two hypotheses of codon evolution were tested here, using two pairs of models
in CodeML. Models M1a and M7 represent nearly neutral codon substitution models,
while M2a and M8 are positive selection codon substitution models that allow sites to have
dN/dS > 1. A likelihood ratio test was used to identify the model that better supports
the data (M1a vs. M2a and M7 vs. M8). The Bayes empirical Bayes (BEB) was implied to
identify PSSs that have a dN/dS ratio significantly above 1 [49]. Finally, we calculated the
nucleotide diversity of PSS, non-PSS, and all sites together.

2.7. Supertype Identification

The amino acid residues coding for the peptide-binding region (PBR) of the MHC
molecule are expected to be most variable across MHC variants and usually bear signatures
of strong positive selection, as they are largely responsible for the specific binding and
presenting of pathogen-derived peptides. However, MHC research in non-model species
suffers from the difficulty to accurately identify PBR sites, so PSSs are commonly used as a
proxy for characterizing the specific binding properties of MHC alleles instead. In humans,
the PBR and PSS sets do indeed overlap substantially [50,51]. MHC supertypes are defined
by clustering MHC variants with similar binding properties based on the physicochemical
properties of individual amino acid sites that are in contact with antigens [52]. In order
to identify supertypes, groups of MHC variants that share similar binding properties, we
first characterized the physicochemical properties of PSS amino acid by five descriptor
values hydrophobicity (z1), steric bulk (z2), polarity (z3), and electronic effects (z4 and
z5) [52,53] and then translated into a matrix. This matrix was then used for K-mean
clustering algorithm and discriminant analysis of principal components (DAPC) using
“adegenet” package in R [54]. The optimal number of supertypes was determined by
Bayesian Information Criterion score. Once the number of clusters was chosen, DAPC was
applied to visualize the relationship between supertypes by drawing a scatterplot using
the first two PCs [55].

2.8. Avian Malaria Identification

Avian malaria parasites were identified through nested PCR amplification of a partial
cyt b gene from the parasite’s mitochondrial genome in 130 Godlewski’s buntings. (35 in
2015 and 95 in 2016) [37]. The full lab protocols and bioinformatics methods were described
in the previous study [37]. The pattern of malaria infection in terms of dominant lineages
was consistent with the previous study. Therefore, combined with data generated in the
previous study, a total of 306 buntings were screened for malaria parasites between 2014
and 2016 (35 in 2014, 176 in 2015, 95 in 2016).

2.9. Association between MHC Variation and Malaria Parasites

We examined the association between MHC class I variation and four dominant
malaria lineages (DENVID02, ALARV04, PADOM02 and EMSPO05) in 306 Godlewski’s
buntings that were both genotyped at MHC class I gene and screened for malaria parasites
using generalized and general linear mixed models. First, we tested whether MHC variation
is associated with the infection of each malaria lineage (0/1: not infected/infected) using
generalized linear mixed models with binomial error distribution. Then, we tested whether
MHC variation is associated with the infected malaria lineages using a general linear mixed
model. For each model, the sampling year was included as a random effect, the number of
supertypes and the absence (0) or presence (1) of each MHC supertype were included as
fixed effects. In addition, we constructed another set of models to replace the number of
supertypes with its quadratic term to test optimal heterozygote advantage hypothesis. All
models were run in R using the package lme4 [56].
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3. Results
3.1. MHC Allele Diversity and Classification

Following the Amplisas genotyping pipeline, a total of 478 unique sequence variants
of MHC I Exon 3 were called from 326 buntings, 282 of that were identified in at least two
buntings. There was some length variability, with mainly three lengths of the variants
found in this study, 212 bp, 214 bp and 215 bp. After alignment with MHC class I alleles
of great tits (Parus major), we found only 212 bp-long and 215 bp-long variants to bear
a complete open reading frame (ORF). Therefore, the other alleles without a complete
ORF were considered as non-functional alleles and removed from further analysis. In
summary, a total of 184 alleles satisfied the initial filter requirements for functional alleles.
An average of 86.7% of the alleles was shared between the technical replicates (n = 22)
included in sequencing and genotyping. The maximum number of alleles per individual is
30 with a mean of 16.1 ± 3.3 alleles per individual, suggesting copy number variation of the
MHC class I genes, with up to at least 15 loci in Godlewski’s bunting. There were several
monophyletic clades identified in the Bayesian tree (Figure 1) for the 184 functional alleles
with a length of 212 bp and 215 bp. We found a total of twelve expressed MHC I alleles
with the Dexp−depth varying from 0.04 to 0.58. These expressed alleles distribute throughout
the tree, except in Clade 1 (Figure 1, Supplementary Materials Table S1). This monophyletic
clade (Clade 1) is composed of only 215 bp alleles and exhibits no alleles with evidence of
expression (Figure 1). In addition, we also found that clade 1 clustered with the 214 bp
alleles that were identified as non-functional with a high posterior probability (p = 0.94) in
a phylogenetic tree using all 478 primarily identified sequence variants (Supplementary
Materials Figure S2). Therefore, alleles in clade 1 were considered as non-classical alleles
(Supplementary Materials Figure S3), leaving a total of 160 classical alleles identified in
the investigated buntings (Supplementary Materials Figure S4). The number of classical
alleles varied among individuals from one to eighteen with an average number of 8.4 ± 2.3
classical alleles per individual. The maximum number of classical alleles per individual
suggested that there are up to nine classical MHC class I loci. From these classical alleles,
nine supertypes (Figure 2) were identified in the population with a mean of 5.0 ± 1.3
supertypes per individual (Table 1).

Table 1. MHC diversity of MHC Class I exon 3 in Godlewsiki’s Bunting.

Range Mean Median SD Minimum Number of Loci

Number of alleles per individual 1–30 16.06 16 3.33 15
Number of classical alleles per individual 1–18 8.42 8 2.33 9

Number of supertypes per individual 1–8 4.96 5 1.26 NA

3.2. Historical Selection Analysis

Between the nearly neutral models (M1/M7) and positive selection models (M2/M8),
the positive selection models fitted the data better in PAML (Table 2). Ten positively selected
sites (Table 3) were identified by Bayes empirical analysis in both models (M2 and M8). All
of these ten sites were segregating and eight of them were highly variable, bearing at least
four different amino acids. Compared with all sites (π = 0.147) and only non-positively
selected sites (π = 0.106), positively selected sites have an outstanding high nucleotide
diversity (π = 0.481) (Figure 3).

3.3. Association between MHC Variation and Malaria Parasites

We found that specific MHC supertypes were nominally associated with two lineages
of malaria parasite, ALARV04 and EMSPO05. Supertype 3 and 8 was nominally associated
with increased and decreased infection probability of ALARV04 respectively. Supertype
1 was nominally associated with increased infection probability of EMSPO05 (Table 4).
However, the associations would not be significant if multiple-testing correction would be
applied. Neither DENVID02 nor PADOM02 were associated with specific MHC supertypes
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(Supplementary Materials Table S2). Finally, MHC diversity measured as the number of
MHC supertypes was not associated with any malaria lineages.

Specific MHC supertypes were associated with ALARV04 and EMSPO05 separately.
We did not find association between the quadratic term of MHC diversity and malaria
lineage (Supplementary Materials Table S3).

Table 2. Results of PAML analyses testing for selection on classical MHC genes.

Model Parameter Estimates Model Comparison p(∆LTR)

M0 ω0 = 0.54248
M1 ω0 = 0.08505 p0 = 0.63235 ω1=1.000 p1 = 0.36765
M2 ω0 = 0.04618 p0 = 0.47820 ω1 =1.000 p1 = 0.36387 ω2 =3.37284 p2 = 0.15794 M1 vs. M2 <0.05
M7 p = 0.19197 q = 0.29164
M8 p0 = 0.83551 p = 0.24542 q = 0.54364 (p1 = 0.16449) ω = 2.78333 M7 vs. M8 <0.05

Expressed alleles 
Supertype 1

Supertype 2

Supertype 3

Supertype 4

Supertype 5

Supertype 6

Supertype 7

Supertype 8

Supertype 9

Clade 1

Figure 1. Bayesian phylogenetic tree depicting the major subset of MHC alleles in Godlewski’s
bunting. Asterisks indicate the expressed alleles. Posterior probabilities higher than 0.70 are shown
by the node. The clade 1 in orange with high support without any expressed alleles was identified as
non-classical clade.
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Figure 2. DAPC scatterplot of the nine MHC class I supertypes. Seven Principal components (PCs)
were retained during analyses to describe the relationship between the clusters. The scatterplot
shows only the first two PCs of the DAPC of MHC supertypes. The bottom right graph illustrates the
variation explained by the PCs. Alleles are represented as dots and supertypes as ellipses.

Figure 3. Positive selection on amino acid sites. A sequence logo showing the relative frequencies
of amino acids of the fragment of the MHC class I exon 3. The plot is based on sequences of all
putative expressed alleles. Sites under positive selection are indicated with asterisks for sites with
high polymorphism and dots for sites with low polymorphism.

Table 3. Ten positively selected sites detected by the Bayes empirical Bayes (*: p > 95 %; **: p > 99%).

Site
Model 2 Model 8

Pr (ω > 1) Post Mean ± SE Pr (ω > 1) Post Mean ± SE

5 0.990 * 3.479 ± 0.266 0.999 ** 2.502 ± 0.069
6 0.980 * 3.454 ± 0.363 0.998 ** 2.499 ± 0.097
9 1.000 ** 3.505 ± 0.095 1.000 ** 2.503 ± 0.055
11 0.951 * 3.380 ± 0.544 0.998 ** 2.499 ± 0.095
34 0.799 2.999 ± 1.004 0.978 * 2.464 ± 0.258
52 1.000 ** 3.505 ± 0.095 1.000 ** 2.503 ± 0.055
53 0.760 2.899 ± 1.068 1.000 ** 2.502 ± 0.064
60 1.000 ** 3.505 ± 0.095 1.000 ** 2.503 ± 0.055
66 0.999 ** 3.503 ± 0.112 1.000 ** 2.503 ± 0.056
67 1.000 ** 3.505 ± 0.096 1.000 ** 2.503 ± 0.055
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Table 4. The association between MHC variation and malaria lineages. Nominally significant results
(p < 0.05) are marked in Bold.

Fixed Effects Estimate Standard Error Z Value p Value Malaria Lineage

Intercept 0.488 1.610 0.303 0.762 ALARV04
Supertype 1 -0.367 0.262 −1.403 0.161
Supertype 2 -0.153 0.279 −0.550 0.583
Supertype 3 1.211 0.593 2.044 0.041
Supertype 4 0.067 0.251 0.266 0.790
Supertype 5 0.034 0.260 0.132 0.895
Supertype 6 −0.319 0.245 −1.304 0.192
Supertype 7 0.074 0.542 0.137 0.891
Supertype 8 −0.613 0.307 −1.994 0.046
Supertype 9 −0.119 1.574 −0.076 0.940
Number of
supertypes −0.161 0.100 −1.612 0.107

Intercept −1.912 1.712 −1.117 0.264 EMSPO05
Supertype 1 1.628 0.622 2.618 0.009
Supertype 2 −0.002 0.412 −0.006 0.995
Supertype 3 −0.397 0.633 −0.627 0.531
Supertype 4 0.250 0.374 0.668 0.504
Supertype 5 0.690 0.436 1.582 0.114
Supertype 6 0.475 0.367 1.295 0.195
Supertype 7 0.298 0.814 0.367 0.714
Supertype 8 −0.136 0.446 −0.305 0.761
Supertype 9 −2.341 1.580 −1.482 0.138
Number of
supertypes 0.107 0.148 0.723 0.470

4. Discussion
4.1. MHC Variation in Godlewski’s Bunting

Passerine birds have been reported to have complex MHC systems with a large num-
ber of MHC alleles (and thus gene copies) as well as extensive existence of pseudogenes [17].
Prior to the usage of next generation sequencing (NGS) in MHC genotyping, the identifica-
tion of passerine MHC genes was hampered significantly by high cost and incomplete allele
identification because of limited sequencing depth. With the advent of NGS technology,
an increasing number of studies have started applying this methodology to genotype
passerine MHC genes, yielding improved results with lower cost and a higher number of
alleles identified [21,25–29]. It is still a matter of discussion whether the increase in number
of alleles per individual, which is often observed upon switching from older methods
to NGS-based protocols, indicates that some alleles were previously missed, or whether
NGS-based methods are more prone to overestimating allele number [26,57]. However,
NGS technology is undoubtedly facilitating MHC genotyping in many species that could
otherwise not be studied in this context, and this is particularly true for passerine birds. In
this study, we established an NGS-based protocol to successfully genotype the MHC class I
genes in Godlewski’s bunting and identified 160 functional alleles in a large population of
the buntings. The overall repeatability of the allele calling in our dataset was 86.7%. Similar
levels of repeatability have also been reported in other NGS-based genotyping studies and
the inconsistency of results may either come from “allelic dropout”, i.e., missed alleles
due to the stochastic nature of PCR amplification [45], or from mis-incorporation of PCR
artefacts, which are prone to occur specifically with high PCR cycle numbers, such as used
here. Future genotyping efforts should thus aim to minimize the number of PCR cycles
further and also consider employing other measures to avoid artefact formation [46].

The average number of functional alleles per individual (8.4 ± 2.3) in Godlewski’s
buntings falls into the range of individual MHC variability in other passerine birds, such
as rufous-collared sparrow (Zonotrichia capensis) (4.4 ± 1.8) [29], common yellowthroat
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(Geothlypis trichas) (8.4 ± 0.4) [28], house sparrow (Passer domesticus) (4.7 ± 1.5) [58] and
scarlet rosefinch (Carpodacus erythrinus) (8.0 ± 1.6) [26] which were also genotyped by NGS-
based methods, but see great tit (23.8 ± 3.9) [27]. Recently, the number of MHC loci was
predicted in large number of passerine species [18]. Compared with the number of MHC
loci predicted in other passerine birds, Godlewski’s bunting has a high level of individual
diversity at MHC class I genes.

4.2. Classical and Non-Classical MHC Alleles

Among the initially identified MHC class I sequences, we found a substantial number
of non-functional sequence variants. These variants were readily identified by lacking
an open reading frame, and are likely representing MHC pseudogenes, i.e., remnants of
the birth-and-death process of MHC gene evolution [47]. Such non-functional sequence
variants have also been detected in previous studies of other passerines [27,29]. More
interestingly, we also found a clear pattern of subdivision among the putatively functional
MHC class I alleles in Godlewski’s bunting. A group of alleles clustered in a monophyletic
clade with shallow branches. Analysis of MHC class I gene expression in seven individuals
corroborated that those putatively non-classical alleles exhibit no expression in blood.
Indeed, a similar pattern has been reported in a previous study, revealing the existence of
both classical and non-classical MHC I alleles in house sparrows. Compared to classical
MHC alleles, non-classical alleles appear to have a different evolutionary history and
exhibit limited expression [22]. Thus, our results largely reflected the existence of classical
and non-classical MHC alleles in Godlewski’s buntings.

The expressed alleles were detected in seven adult male buntings from the west-
ern mountain area of Beijing. These alleles were widely distributed in different highly
supported clades except clade 1 in the phylogenetic tree (Figure 1). Due to the limited
availability of RNA samples, the expression of MHC I alleles is rarely studied comprehen-
sively in passerine birds. However, without using expression data and careful phylogenetic
analysis, these patterns might be missed. This could in turn lead to inaccurate identification
and classification of MHC alleles and thus overestimate the functional MHC diversity and
bias downstream analysis. Here, our results emphasize the importance of using integrative
methods, which combined phylogenetic reconstruction and gene expression analysis to
identify classical MHC alleles. Further effort should be made to collect female and juvenile
samples for a more comprehensive understanding of the MHC diversity.

4.3. Selection on MHC Genes in Godlewski’s Buntings

In this study, ten amino acid residues in the exon 3 of MHC class I genes of Godlewski’s
buntings showed signatures of historical positive selection. Among these positive selected
sites, eight of them exhibited a particularly high number of variants (more than four
different amino acids). In addition, nucleotide diversity was found to be comparatively
higher in positively selected sites. These patterns indicate that MHC class I genes in
Godlewski’s buntings evolve under strong balancing selection which are consistent with
studies of other passerine birds [27,29,39].

Apart from signatures of historical selection, we also found potential evidence of
contemporary selection. Specific supertypes were nominally associated with two dominant
lineages while the linear and quadratic term of MHC diversity, measured as total number
of supertypes were not associated with any dominant malaria lineage. Such results suggest
negative frequency-dependent selection or fluctuating selection rather than heterozygote
advantage might be acting. Among these malaria-associated MHC supertypes, one of
them was negatively associated with the infection probability of malaria lineages while
others were positively associated with the infection probability. Previous studies have
demonstrated the positive association between MHC alleles or supertypes can result from
quantitative resistance to malaria infection [33,59]. However, the intensity of malaria
infection in Godlewski’s buntings was not studied. We cannot determine whether the su-
pertypes that were positively associated with infection probability of malaria lineages were
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advantageous supertypes conferring quantitative resistance or real susceptible supertypes.
Future work on our study system could thus focus on testing associations between intensity
of malaria infection and MHC alleles or supertypes to determine whether specific alleles
confer susceptibility or quantitative resistance for the host in this species.

5. Conclusions

In conclusion, we genotyped the MHC class I variation of large number of Godlewski’s
buntings using amplicon sequencing. We demonstrated that Godlewski’s buntings bear
high level of MHC diversity across the passerines. In addition, we also identified signatures
of both historical and potential contemporary selection on MHC genes. The selection
mechanism could be negative frequency-dependent selection or fluctuating selection. Our
results suggest that examining associations between MHC variation and malaria parasites
in passerine birds have great potential for studying selection on MHC genes.
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1; Figure S4: Amino acid variations in identified classical MHC I alleles in Godlewski’s bunting;
Table S1: The Genbank accession numbers of twelve expressed alleles; Table S2: The association
between MHC supertypes and infection of malaria lineages when linear term of MHC diversity fitted;
Table S3: The association between MHC supertypes and infection of malaria lineages when linear
and quadratic term of MHC diversity fitted.
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