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Abstract

The major histocompatibility complex (MHC) plays a critical role in the vertebrate
immune system. Accurate MHC typing is critical to understanding not only host fit-
ness and disease susceptibility, but also the mechanisms underlying host-pathogen
co-evolution. However, due to the high degree of gene duplication and diversifica-
tion of MHC genes, it is often technically challenging to accurately characterise MHC
genetic diversity in non-model species. Here we conducted a systematic review to
identify common issues associated with current widely used MHC typing approaches.
Then to overcome these challenges, we developed a long-read based MHC typing
method along with a new analysis pipeline. Our approach enables the sequencing of
fully phased MHC alleles spanning all key functional domains and the separation of
highly similar alleles as well as the removal of technical artefacts such as PCR heter-
oduplexes and chimeras. Using this approach, we performed population-scale MHC
typing in the Tasmanian devil (Sarcophilus harrisii), revealing previously undiscovered
MHC functional diversity in this endangered species. Our new method provides a bet-
ter solution for addressing research questions that require high MHC typing accuracy.
Since the method is not limited by species or the number of genes analysed, it will be

applicable for studying not only the MHC but also other complex gene families.

KEYWORDS
amplicon analysis, major histocompatibility complex, MHC genetic diversity, MHC genotyping,
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1 | INTRODUCTION

The major histocompatibility complex (MHC) is a gene cluster found
in the genomes of all jawed vertebrate species. MHC genes play
critical roles in host immune defence against diseases and exhibit
extraordinarily high degrees of genetic diversity (i.e., both high
heterozygosity and high sequence variability/dissimilarity among
alleles), making them a key gene family for investigating import-
ant ecological, evolutionary, and conservation questions ranging
from functional diversity and adaptive evolution to gene-disease

association and species/population fitness. However, due to a range
of technical challenges, the study of MHC genes, particularly in non-
model species, is often impeded by the lack of a reliable MHC typing
method that provides high accuracy and is applicable to population-
scale research.

The two main classes of MHC genes, MHC class | (MHC-I) and
class Il (MHC-11), which encode cell surface proteins that are respon-
sible for the presentation of self-antigens as well as antigens derived
from pathogens or foreign or abnormal cells to T cells (Cresswell
et al., 2005; Pieters, 2000), are known to exhibit exceptionally high
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levels of genetic diversity. MHC-I genes, specifically the classical
MHC-I genes which encode a glycoprotein chain that is involved in
antigen presentation on the surface of most somatic cells, have been
found to contain the greatest intraspecies diversity ever detected
among vertebrate genes to date, with more than 21,000 alleles hav-
ing been found at the three classical MHC-I genes in humans (6766
alleles at HLA-A, 7967 at HLA-B, and 6621 at HLA-C as of May 2021
according to the IPD-IMGT/HLA Database; Robinson et al., 2015).
Such a uniquely high degree of genetic diversity has rendered the
MHC an important model system for understanding the dynamics
of selection-driven gene evolution (Hughes, 1999; Trowsdale, 2011,
Trowsdale & Parham, 2004). The maintenance of high MHC diver-
sity is largely attributed to balancing selection posed on the host
immune system due to its co-evolution with pathogenic microbes.
MHC genes evolve rapidly through gene duplication and diversifi-
cation (i.e., accumulation of mutations) to cope with a wide range of
pathogens that constantly develop new ways to avoid host immune
detection or elimination. Having a high level of genetic diversity al-
lows a species to have a large repertoire of MHC molecules with
different peptide-binding regions, the regions that interact directly
with antigens and are rich with variable amino acid sites. These MHC
molecules can possess distinct peptide-binding properties, which
allow them to each present a different range of antigens and thus
collectively provide a species with immunity against a broad spec-
trum of pathogens (Falk et al., 1991; Sidney et al., 2008). Therefore,
the level of MHC diversity of a species/breed/population is often
considered an important indicator of the immunological fitness of
the species/breed/population and its potential to adapt to environ-
mental changes, such as the emergence or encounter of new dis-
eases (Edwards & Potts, 1996; O'Brien & Evermann, 1988; Sommer,
2005).

The high degree of gene duplication, diversification, conversion,
and recombination of MHC genes is a double-edged sword, being a
contributor to both the aforementioned biological processes of in-
terest, but also many technical challenges to accurately genotype
these genes, particularly in non-model organisms (Babik, 2010).
Unlike in model species, where the latest technologies have been
applied in the field of MHC research for several years (Ambardar &
Gowda, 2018; Chang et al., 2014), there is usually no well-developed
genotyping assay available for studying MHC genes in non-model
organisms. In addition, software designed based on model species
(e.g., human, model rodents) may not be compatible with non-model
organisms due to the lack of existing MHC allelic databases and more
complex features within the gene families. Even when MHC genes
are well characterised, in certain species it can still be difficult to
develop a reliable and cost-effective method to genotype individuals
at these genes (Lane et al., 2012; Perrin et al., 2021; Setchell et al.,
2016). In this study, we firstly carried out a systematic review with
a focus on the advantages and limitations of current analysis meth-
odologies that are widely used for MHC typing in non-model or-
ganisms. The most commonly used sequencing methods are Sanger
sequencing and next-generation sequencing, which are discussed in
detail in the systematic review results. We demonstrate that there is
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a clear need for a more reliable approach that can be easily applied
to any species. To achieve this, we developed a Pacific Biosciences
(PacBio) long read based MHC typing method along with a new
clustering-free analysis pipeline.

The species that we used for methodology development in this
study is the Tasmanian devil (Sarcophilus harrisii), an endangered
marsupial threatened by a fatal contagious cancer disease, known
as devil facial tumour disease (DFTD) (Murchison et al., 2010; Pearse
& Swift, 2006; Pye, Pemberton, et al., 2016). The Tasmanian devil
represents a typical example of the common challenges in MHC typ-
ing. First, the three classical MHC-| gene paralogues of the species
share high sequence similarities (>97%) (Cheng, Stuart, et al., 2012),
making it practically impossible to design gene-specific PCR primers
for these genes. Second, certain Tasmanian devil MHC-1 alleles differ
from one another by as few as 1 bp (Lane et al., 2012) and therefore
require a genotyping approach with exceptionally high resolution to
segregate. Thirdly, the Tasmanian devil MHC genomic region con-
tains structural variants leading to copy number variations in MHC-I
genes (Cheng, Stuart, et al., 2012), which makes the number of alleles
per individual highly variable and less predictable. For these reasons,
the Tasmanian devil provides a good system for testing whether the
new approach can successfully overcome the common issues that
other existing methods struggle to address. Additionally, the signif-
icant amount of work performed previously on the Tasmanian devil
MHC has provided us with important ground truth data that are nec-
essary for reliable method development and validation.

Here, we demonstrate that our new MHC typing method pro-
duces fully phased MHC alleles spanning multiple functional domains
and allows the separation of highly similar MHC alleles and the seg-
regation between real sequence variants and PCR artefacts. Using
this new approach, we for the first time performed high-resolution
population-scale MHC typing in the Tasmanian devil, which enabled
us to identify novel allelic variants, assign supertypes, infer haplo-
types, and reveal fresh insights into MHC functional diversity among
populations in this endangered species.

2 | MATERIALS AND METHODS

2.1 | Systematic review

A systematic review was carried out to identify challenges in current
approaches to MHC typing in non-model organisms. The literature
search was performed via Web of Science for research articles pub-
lished within the time span of 2016-2020, with the search criteria
of TOPIC: (MHC OR "major histocompatibility") AND TOPIC: (diver-
sity OR variability OR genotyp* OR polymorphi*) NOT ALL FIELDS:
(person OR people OR patient) NOT TITLE: (human OR humans OR
HLA). The search resulted in 1116 articles (as of 2 December 2020),
which were imported into EndNote X9. Initial manual curation based
on the title and abstract was carried out to filter out articles focused
on humans or mice or rats and other articles of low relevance with

the topic of study not related to the MHC or the field of genetics.
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Full text pdf was downloaded for 460 articles that passed the initial
screening. Further review of the full text found 64 of these articles
as low relevance, for reasons such as no MHC typing was done in the
study, or only previously published data was used, or being a review
article (Data S1). In the end, 396 articles were used in the system-
atic review. Information including the species of interest, context of
the study, targeted MHC gene(s)/region(s), and genotyping methods
were extracted to a spreadsheet, with specific attention paid to
the mentioning of strengths and/or challenges associated with the

methodology used.

2.2 | Sampling of Tasmanian devils

Ear biopsies were collected by Save the Tasmanian Devil Programme
(STDP) staff under the STDP’s Standard Operating Procedure:
Trapping and handling Wild Tasmanian Devils, and shared with the
University of Sydney. Samples used in this study were collected be-
tween 2015 and 2018 during annual monitoring trips carried out by
the STDP. Genomic DNA was extracted in previous works from ear
biopsies using the MagAttract HMW DNA Kit (Qiagen).

2.3 | Sequencing of MHC genes
An overview of the amplicon sequencing workflow is provided in
Figure 1a.

A pair of universal primers were designed within con-
served regions of three target MHC-I genes that have been
characterised previously (Cheng, Stuart, et al., 2012). The
(5-GTGTCCCCCCCTCCGTCTCAG-3') is lo-
cated inside intron 1 of the genes and the reverse primer
(5'-CCTAACTCCCCCTGCTCCTTCTG-3') in intron 4. Both primers
are tagged with a PacBio universal adaptor on the 5’ end, with the

forward primer

forward adaptor being /5AmMCé/gcagtcgaacatgtagctgactcaggtcac
and the reverse adaptor /5AmMCé/tggatcacttgtgcaagcatcacatc-
gtag. The 5’ modification was made to prevent amplicons without
barcodes forming SMRTbell templates during library construction.
Three high-fidelity long-range PCR kits, including (1) Phusion Hot
Start Il High Fidelity PCR Master Mix (Thermo Scientific), (2)
Platinum SuperFi Il PCR Master Mix (Invitrogen), and (3) Platinum
Tag DNA Polymerase High Fidelity (Invitrogen), were tested for
their amplification performance on target genes. Kit#2 showed the
highest amplification efficiency and consistency on Tasmanian devil
MHC-I genes, whereas kit#1 and kit#3 failed to amplify in certain
DNA samples. Four individuals that have been genotyped before
(Tovar et al., 2017) were used for primer and PCR result verification
through amplicon cloning and Sanger sequencing using protocols
described previously (Tovar et al., 2017). The final PCR amplifica-
tions were carried out using kit#2 with primer final concentrations
of 0.5 pM each. PCR conditions were as follows: 98°C initial incuba-
tion for 30 s; 20 cycles of 98°C for 15 s, 60°C for 15 s, and 72°C for
2 min; and a final extension at 72°C for 5 min.

A second round of PCR was carried out using Barcoded Universal
F/R Primers Plate-96v2 (Pacific Biosciences, 2020) following the
recommended protocol (Pacific Biosciences, 2020). After barcoding
PCR, up to 96 samples were pooled and amplicons were purified
using AMPure PB magnetic beads (Pacific Biosciences). The ex-
pected size of amplicons was ~1.4 kb. During the purification step, a
bead-based size selection was carried out by performing 0.6x bead
clean-up once for removing primers and small fragments, followed
by 0.4x bead clean-up once for removing molecules larger than ex-
pected (target size fraction in supernatant). This size selection is op-
tional but helps to remove artefacts that are of incorrect sizes.

SMRTbell template preparation was carried out using the
SMRTbell Template Prep Kit 1.0 (Pacific Biosciences) with ~500 ng
of purified amplicon DNA as input material. Sequencing was per-
formed by the Ramaciotti Centre for Genomics (University of New
South Wales, Australia) on a PacBio Sequel platform using Sequel
Sequencing Chemistry 3.0, Sequencing primer v4, and circular con-
sensus sequence (CCS) sequencing mode on four SMRT Cells 1 M
over two separate runs. A total of 1,989,412 polymerase reads and
49,125,512 subreads were obtained (not all samples sequenced on
these runs were for the purpose of this work), with an average poly-

merase read length of 35.9 kb and average subread length of 1.4 kb.

2.4 | MHC sequence data processing and
allele calling

The complete data analysis workflow is outlined in Figure 1b. The
raw data set is initially processed as a whole, and then after read de-
multiplexing, the analysis is performed on an individual sample basis.
Starting from bam files containing raw subreads, CCS calling was per-
formed using the program ccs v4.0.0 in --by-strand mode, requiring a
minimum of five full sequencing passes and a minimum quality score
of 0.995 for each resulting CCS read (--min-passes 5 --min-rq 0.995).
This step generates two CCS reads for each polymerase read, one
for each strand, and thereby eliminates potential noise in data that
can be caused by PCR heteroduplexes (Figure 1c,d). Demultiplexing
of CCS reads was carried out using program lima v1.10.0, and partial
or concatemer reads were further removed using program isoseq3
refine v3.2.2. Refined reads were aligned to a reference sequence,
which was the genomic sequence from the devil MHC-| gene Saha-
UA, using program pbalign v0.4.1. These four programs mentioned
above are available from software suite SMRTLink release 8.0.0
(Pacific Biosciences).

Allele calling was carried out for each sample using a program
written in pytHoN 3.8. The design of the program, named as “bellero-
phon’, is further discussed in the Section 3. The program requires
two input files, including the bam file containing aligned reads, gen-
erated from the previous step, and a fasta file containing the same
reference sequence used for producing the alignments. The program
first identifies putative variable sites within the aligned CCS reads
based on variant frequency among all reads. To check the accuracy
and sensitivity of our program in variable site calling, we compared
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FIGURE 1 Analysis pipeline of PacBio-based MHC typing. (a) Experimental workflow. (b) The complete data analysis workflow, with
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our results with ones generated using the PacBio program juliet
v1.11.0, which is designed for rare variable site detection (without
chimera filtering); the two sets of results were consistent. Then the
program calls putative alleles and chimeric sequences, which are
written in two separate output files with read counts and read evi-
dence information (with --evidence option) provided in case further
investigation is needed. Additional sequence variant filtering based
on the relative read abundance can be applied with --min_read_perc
parameter (e.g., 0.05 if a variant must be supported by at least 5% of
the reads to be considered a candidate). If an optional input file con-
taining sequences of known alleles for the species of interest is pro-
vided for the --db argument, the identified alleles will be compared

to known alleles and assigned allele names if matches are found.
This tool along with toy data is available at https://github.com/yuany
uan929/bellerophon.

Apart from CCS calling, most of the programs above had short
runtime (minutes) and low CPU and memory requirements (run with

1 CPU and 5 GB of memory per job in this work).

2.5 | Tasmanian devil MHC-I allele analysis

Twenty individuals that have been previously genotyped at a1 and/
or a2 domains via cloning and Sanger sequencing (Lane et al., 2012;
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Tovar et al., 2017) were reanalysed for the verification of genotyp-
ing results. The new method outperformed the former approach,
identifying previously identified alleles as well as recovering gene
dropouts (Lane et al., 2012). The majority of identified MHC alleles
were found in multiple Tasmanian devils. In the case of highly rare
nonchimeric alleles that were only observed in a single individual,
the alleles were confirmed by rerunning of the samples.

MHC-I alleles were grouped into supertypes based on the bio-
chemical properties of variable peptide-binding residues in the en-
coded proteins. Parameters used for supertype grouping included
steric parameter (Charton, 1981), polarity (Radzicka & Wolfenden,
1988), and hydropathy index (Kyte & Doolittle, 1982). Clustering
was performed using R function Mclust() with model selection
based on the Bayesian information criterion in package mclust
(Scrucca et al., 2016). MHC-I haplotype reconstruction was per-
formed using pHAsE v2.1.1 (Stephens & Scheet, 2005; Stephens et al.,
2001). All predictions had phase probabilities great than 0.99. Gene
assignment for alleles were based on the results of haplotype infer-
ence as well as alleles with known gene assignment (Cheng, Stuart,
et al., 2012). The nomenclature of alleles was adapted from HLA
nomenclature, with four numbers following the gene name indicat-
ing the supertype (or allele group), specific protein, synonymous
nucleotide substitution(s) within the coding region, and substitu-
tion(s) within a non-coding region. Functionally significant residues
within devil MHC-I proteins were predicted based on homology to
HLA-A, -B and -C proteins (Bjorkman & Parham, 1990). Similarly, 3D
structure of devil MHC-1 was predicted by protein homology detec-
tion using program Phyre2 (Séding, 2005). Testing for evidence of
individual residues under positive or negative selection were per-
formed on patamMonkey webserver (Delport et al., 2010) using mixed
effects model evolution (MEME) (Murrell et al., 2012), fixed effects
likelihood (FEL) (Kosakovsky Pond & Frost, 2005), random effects
likelihood (REL) (Kosakovsky Pond & Frost, 2005), and evolutionary
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fingerprinting (Kosakovsky Pond et al., 2009) methods. Principal
component analysis plots were made using R function fviz_pca_ind()

in package factoextra.

3 | RESULTS
3.1 | Challenges in current approaches to MHC
typing - a systematic review

To identify challenges in MHC typing in non-model species, we con-
ducted a literature search for research articles published in the last
five years (2016-2020 inclusive) that involved the study of MHC
genetic diversity in species other than human and model rodents.
Our final data set comprised 396 articles, for which we recorded
the species, context of study, targeted MHC gene and region, and
methodology used for MHC typing of the study (Figure 2; Data S1).
Approximately 32% of the reviewed articles comprised studies of
domesticated animals that are economically significant (e.g., cattle,
sheep, pig, horse, chicken, farmed fishes, etc.). Among wild species,
mammals (29% of articles) and birds (19%) have been better stud-
ied than fishes (10%), amphibians (6%), and reptiles (3%), which is
probably a reflection of the availability of high-quality genome as-
sembly data for these categories, and/or the inherent biases towards
cute and cuddly critters for conservation biology/molecular ecology.
Most of the reviewed articles (60%) investigated MHC diversity in
the context of molecular evolution, population genetics, and/or con-
servation biology, while others focused on the association of MHC
with diseases (19%) or mate choice (9%). A large variety of methods
have been adopted in MHC typing (Figure 2c), with the most widely
used ones including cloning and Sanger sequencing, next-generation
sequencing (i.e., lllumina, 454, and lon Torrent sequencing), mi-

crosatellite markers, and banding pattern or fragment size based
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FIGURE 2 Summary of the literature reviewed in terms of (a) species studied, (b) main context of the study, and (c) methodology used
for MHC typing. Since some studies used multiple methods, percentages in (c) do not add up to 1. Abbreviations: SSCP, single-strand
conformation polymorphism; RFLP, restriction fragment length polymorphism; RSCA, reference strand-mediated conformational analysis;
SSP, sequence-specific primer method; DGGE, denaturing gradient gel electrophoresis; ONT, Oxford Nanopore Technologies; HRM, high-

resolution melting curves
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methods. A comparison of the advantages and limitations of these
commonly used methods is summarised in Table 1.

Despite the recent expansion in next-generation sequencing
methods, Sanger sequencing (cycle sequencing) remains the most
commonly used MHC typing method (43% of studies in our review),
probably due to the high base-wise accuracy of raw sequences gen-
erated by the sequencing method. However, due to the high degree
of polymorphism (i.e., large numbers of variable nucleotide positions
within the genes) found in MHC genes, in order to resolve the phase
of single nucleotide variants among alleles, it is often necessary
to clone PCR amplicons prior to Sanger sequencing. Furthermore,
while a locus-specific approach is possible for human HLA (Bunce
et al., 1995), it is difficult or even impossible to develop in many non-
model species (Marmesat et al., 2016; Perrin et al., 2021; Setchell
et al., 2016). A multilocus PCR approach comes with issues such as
unequal amplification efficiencies among genes/alleles and PCR ar-
tefacts (Marmesat et al., 2016; Sommer et al., 2013), which require
high sequencing coverage to resolve. Depending on the number of
genes coamplified, the number of clones that needs to be screened
or sequenced to achieve high confidence in allele coverage can be
high. For instance, if three genes are coamplified, and assuming
that all alleles are PCR-amplified and cloned with a uniform effi-
ciency, and that PCR artefact formation is negligible, the minimum
number of clones that need to be sequenced per individual (N) in
order to identify all potential alleles can be calculated using equation
N = In(1 - P)/In(1 - 1/2*3) as adapted from the Clarke and Carbon
formula (Clarke & Carbon, 1976). This calculation suggests that in
the best scenario, at least 17 and 26 clones need to be sequenced
to achieve 95% and 99% confidence that all alleles are identified in
an individual (P), respectively. In practice, uneven PCR amplification
efficiencies among genes or alleles will often cause missing alleles
(allelic dropout) in the results (Lane et al., 2012). Therefore, apart
from the laborious and lengthy process, low sequencing depth is a
main limitation of this approach.

The second most popular approach to MHC typing uses next-
generation sequencing (NGS) based amplicon analysis (37% of stud-
ies in our review). Compared to Sanger sequencing, NGS provides
much higher read coverage for amplicons and therefore ensures
high sensitivity in allele detection, while also providing high data
throughput for large-scale studies. However, due to the relatively
short read lengths of NGS platforms, this approach lacks the ability
to provide complete information on MHC genes without involving
read assembly, which can potentially introduce assembly errors.
NGS-based MHC typing is therefore often used to analyse only a
single exon of the target genes. This limitation makes NGS-based
MHC typing less suitable for studying MHC-I genes, as MHC-I
genes have two exons (exon 2 and exon 3) that contain hypervari-
able peptide-binding regions - the regions that interact directly with
antigens and are rich with variable amino acid sites (Bjorkman &
Parham, 1990). In fact, out of 49 studies reviewed that performed
MHC-I typing using NGS-based methods, 86% only examined one
of the two peptide-binding domains, 8% sequenced the two do-
mains separately, 4% amplified partial exon 2 and exon 3 using
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cDNA instead of genomic DNA, and only one study (2%) sequenced
and assembled complete exon 2 and exon 3 of MHC-I alleles with
the assistance of sequence-specific primers (Data S1). Furthermore,
it is well known that NGS-based amplicon analysis is heavily af-
fected by sequencing noise caused by technical artefacts, such as
base-call errors or chimeras (Ferrandiz-Rovira et al., 2016; Grogan
et al., 2016; Rekdal et al., 2018). Several bioinformatic methods have
been developed to account for these issues (Biedrzycka et al., 2017,
Grogan et al., 2016; Karl et al., 2014; Rekdal et al., 2018; Santos
et al., 2017; Schwensow et al., 2019; Sommer et al., 2013; Vasoya
et al., 2016), though sometimes extensive manual curation of se-
quence variants or sample replication between sequencing runs or
even platforms are still necessary (Grogan et al., 2016). One thing
to note is that certain programs that were developed for analysing
microbial 16S rRNA gene amplicons, such as QIIME (Caporaso et al.,
2010) and UCHIME (Edgar, 2016), have been used for NGS-based
MHC amplicon analyses. One limitation of using such microbial am-
plicon analysis software on MHC amplicons is that different from
MHC typing, microbiome analysis usually allows for certain level of
tolerance towards sequence mismatches, with pipelines often built
for dealing with sequences that would undergo similarity-based
clustering, whereas in MHC genes, a small number of mutations can
cause differences in the property and function of encoded protein
and potentially affect the host susceptibility to certain diseases
(Matzaraki et al., 2017; Wang et al., 2019). This difference in the
requirements for resolution makes the use of certain microbiome
analysis programmes suboptimal for analysing MHC amplicons. This
also highlights the need for developing tools that are specifically
tailored for MHC typing.

MHC-linked microsatellites and gel-based banding pattern anal-
ysis, such as single-strand conformation polymorphism (SSCP) and
restriction fragment length polymorphism (RFLP), were used in 9%,
7%, and 4% of studies reviewed, respectively. Strengths of both
types of methodologies include having a relatively simple experi-
mental and data analysis process and low costs, though both suffer
the limitation of lower genotyping accuracy. MHC-linked microsat-
ellites, which are markers located within the same linkage groups
as adjacent MHC genes, can be used as a proxy for inferring MHC
haplotypes. However, even well-established markers, such as the
chicken LEIO258, which was used in 48% of 25 studies performed
in the chicken in our review, do not provide a perfect inference, as
different MHC haplotypes can share the same microsatellite allele
while different microsatellite alleles can be found associated with
the same MHC haplotype (Iglesias et al., 2019). Similarly, gel-based
analysis methods also offer limited resolution. For example, for
Tasmanian devil MHC-I typing, although SSCP provided high con-
sistency with different banding patterns always indicating different
MHC types, the method was inefficient at discerning differences
among certain MHC alleles (see Data S2). Therefore, for studies that
require high MHC typing accuracy, these methods are less favour-
able than sequencing-based approaches.

Two common technical artefacts universally affect all MHC anal-
yses that involve PCR: heteroduplexes (Liu et al., 2014; Thompson
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et al., 2002) and chimeras (Gonzalez et al., 2004; Haas et al., 2011;
Qiu et al., 2001). PCR heteroduplexes are amplicons that are
formed by the hybridisation of two different single-stranded DNA
molecules (i.e., the forward and reverse strands of the amplicon
belong to two different alleles), while chimeras are hybrids of usu-
ally two different parent molecules (i.e., different segments of the
amplicon belong to different alleles). Both artefacts can be severe
in mixed-template or multitarget amplifications; common in MHC
typing (to provide a few examples, mammals:Robbins et al., 2020;
Yi et al., 2020); birds: (Lan et al., 2019; Pineaux et al., 2020); rep-
tiles: (Dudek et al., 2019; Pearson et al., 2016); amphibians: (Kosch
et al., 2019; Talarico et al., 2019); fishes: (Faulks & Ostman, 2016;
Phillips et al., 2018). Heteroduplex and chimera formation increase
with PCR cycle number, template concentration, and target diver-
sity, and total elimination is difficult without extensive PCR optimi-
sations and additional selective purification steps (Qiu et al., 2001;
Thompson et al., 2002).

To overcome these issues, we present here a new typing ap-
proach utilising PacBio sequencing, which was chosen for (1) its long
read lengths, which enable the analysis of long and complex PCR
amplicons without the need for computational read assembly; and
(2) high consensus sequence quality without the need for raw read
clustering, which increases genotype resolution.

3.2 | Anew MHC typing pipeline

There are three major goals that a new MHC typing assay needs to
achieve: (1) generate fully-phased MHC sequences spanning mul-
tiple functional domains, (2) remove artefacts caused by PCR het-
eroduplexes and chimeras, and (3) provide high resolution that can
differentiate highly similar MHC alleles.

Amplification and sequencing: For the amplification of
Tasmanian devil MHC-I genes, we designed a pair of multi-locus
primers to amplify all three target genes, with the amplicon region
spanning three key functional domains, including the a1l and a2
peptide-binding domains and the a3 domain involved in b2m and
CD8 binding (Figure 1a). To optimise PCR conditions and reduce
the chance of artefact formation, we evaluated three high-fidelity
long-range PCR kits, and used the minimum number of PCR cycles
necessary for generating enough amplicons for library construction
and sequencing.

Data processing: The complete workflow for data processing
with programs used is summarised in Figure 1b and described with
full details in the Methods section. Briefly, CCS reads were gener-
ated, demultiplexed, trimmed, filtered, and aligned; the aligned reads
were then used for allele calling. For each individual genotyped,
3846 + 1082 final reads were obtained after filtering (Figure 1b;
Data S3).

The issue of PCR heteroduplexes is addressed at the first step
of data processing. CCS reads were called from raw subreads using
the PacBio CCS calling program in the --by-strand mode, which
performs consensus calling for each DNA strand separately and
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results in two CCS reads for each template molecule (Figure 1d).
We observed that consensus calling using subreads from both
directions can result in mosaic artefact sequences, which consti-
tute a source of noise in the data set. In fact, by sampling 15,000
random CCS reads, we found that 26.8% of the templates were
heteroduplexes, with 16% resulting in mosaic sequences when
a consensus was called using all subreads together. Unlike other
sequencing technologies which rely on frequency-based variant
filtering to remove potential mosaic sequences, this type of noise
is avoidable with PacBio sequencing due to the way it sequences
both strands of the amplicons repeatedly around the circular tem-
plate molecules.

Variant calling: The high quality of PacBio CCS reads provides a
good basis for achieving high allelic resolution. However, although
CCS reads can have high base accuracy, they are not error free, and
because the aim is to separate highly similar alleles (some alleles in
the devil differ from one another by as few as 1bp), it is not feasi-
ble to rely on clustering-based methods to further polish the CCS
reads. To deal with this challenge, we present a new allele calling
program “bellerophon” (named after the Greek hero who slayed the
chimera) that improves allele calling accuracy (Figure 1e). The first
thing bellerophon (available from https://github.com/yuanyuan929/
bellerophon) does is to identify polymorphic sites within the aligned
reads. Given the high quality of CCS reads, it is not difficult to dis-
tinguish between errors and putative variations, which are defined
by having a frequency among all reads that is higher than a given
cutoff value set by --min_var_freq (default 0.05; should be adjusted
based on the number of genes coamplified: the more genes coampli-
fied, the lower the value). In the example shown in Figure 1e, there
are six putative variable sites in the aligned CCS reads. Only these
putative variable sites are then used for allele or sequence variant
identification. In order to identify putative alleles and remove po-
tential PCR chimeras, which seem prevalent in Tasmanian devil MHC
amplicons possibly due to extended stretches of regions with high
GC content (over 80%) in the target genes (Data S4), bellerophon
ranks all the combinations of nucleotides at the variable sites ac-
cording to read counts. The top two most abundant variants are first
assigned as real (according to our testing, if only one real allele exists
in a sample, no detectable chimera forms). Bellerophon then screens
through the ranked list of variants and examines if each variant can
be formed by combining any pair of variants before it. This stringent
chimera filtering strategy was used because it has been observed in
bacterial 16S rRNA gene amplicons that chimeras can reproducibly
form among independent PCR amplifications (Haas et al., 2011). One
commonly used strategy for filtering MHC chimeric sequences from
Sanger or NGS data is based on the assumption that it is unlikely that
the same chimera can form in multiple PCR amplifications (Sommer
et al., 2013). However, our investigation demonstrated that, similar
to bacterial 16S rRNA amplicons, certain MHC PCR chimeras can
arise repeatedly even when different PCR kits are used (Data S4),
indicating that finding a sequence variant in multiple samples or PCR
amplifications is not always a sufficient criterion for MHC real allele
calling.


https://github.com/yuanyuan929/bellerophon
https://github.com/yuanyuan929/bellerophon
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Using this pipeline, we identified a total of 61 Tasmanian devil
MHC-I alleles, 19 pairs of which contain minor differences (as low
as 1 bp), which is not unexpected since it has been observed previ-
ously that Tasmanian devil MHC genes have low sequence variability
(Cheng, Stuart, et al., 2012; Lane et al., 2012). Further analysis sug-
gested that these alleles with minor variations are probably real, as
they are either found in more than two individuals or were confirmed
by rerunning PCR and sequencing for the same individuals (random
single nucleotide PCR errors are less likely to occur repeatedly than
certain chimeric formations). Interestingly, we also found two real
MHC alleles that are hybrids of two other real alleles and therefore
look like PCR chimeras, but which have probably been formed by
actual gene recombination events. Bellerophon identified these as
real alleles as they had relatively high read abundance and did not

co-exist with both parent alleles in the same individuals.

3.3 | Typing of Tasmanian devil MHC-I genes -
new findings

Using our new approach, we genotyped 214 Tasmanian devils be-
longing to nine different subpopulations (or geographical sites)
across Tasmania (sequence data available from NCBI SRA with ac-
cession number PRINA715496). In addition, 25 and 20 individuals
that have been previously genotyped using SSCP and Sanger se-
quencing methods, respectively, were also reanalysed for compari-
son of methods and verification of genotyping results. While most
of the previous MHC-I typing in the Tasmanian devil was carried out
on a single exon (exon 2) (Lane et al., 2012; Siddle et al., 2010), using
our new pipeline we were able to obtain full allelic sequences encod-
ing all three extracellular domains of the MHC-I proteins. The new
approach is more powerful at detecting MHC diversity. Within 14
previously genotyped devils (Lane et al., 2012), traditional cloning
and sequencing identified three, five, and two alleles at gene Saha-
UA, -UB, and -UC, respectively, whereas the new method identified
five, ten, and five unique alleles.

A total of 61 alleles were identified, of which 37 are new alleles
that have not been described before (Data S5). Pair-wise sequence
similarities among alleles range between 96.9% and 99.9%, making it
extremely difficult to resolve the evolutionary relationships among
genes and alleles (Data Sé). For the first time, we were able to per-
form a comprehensive analysis of polymorphic sites within devil
MHC-I proteins (Figure 3). Among 1280 sequenced nucleotide sites,
47 sites were found polymorphic, with 30 nonsynonymous substi-
tution sites corresponding to 28 variable amino acid residues in en-
coded protein sequences (Figure 3b). Twenty-seven of these variable
amino acid sites are located inside the peptide-binding groove and
one is in the a3 domain at a putative site involved in CD8 interac-
tion (Figure 3c). In the peptide-binding domains, evidence of positive
selection was detected at six residues, while interestingly, one res-
idue showed strong evidence of negative selection (Figure 3b; Data
S7), which was unexpected for a site involved in antigen interaction.
Based on the biochemical properties of amino acids found at the

variable residues, 13 distinct supertypes of MHC-I molecules were
identified, which may possess different antigen binding preferences
and represent functionally divergent variants (Schwensow et al.,
2019; Sidney et al., 2008) (Figure 3a,b). The number of alleles per
individual ranged between one and six due to genomic copy number
variations (Cheng, Stuart, et al., 2012) (Data S8 shows copy number
variations of MHC-| genes among different haplotypes found in this
study), and the number of supertypes per individual also ranged be-
tween one and six.

Also for the first time, we were able to infer full Tasmanian devil
MHC-I haplotypes, detecting 50 haplotypes with phase prediction
confidence >0.99 (Data S8). This was not previously possible due to
allelic dropout caused by limitations of older MHC typing methods
(Lane et al., 2012). Based on comparisons at the haplotype level, six of
the nine subpopulations examined form a cluster, representing the for-
merly defined eastern Tasmanian devil population (Siddle et al., 2010),
whereas the north-western and south-western devils exhibit distinct
haplotype frequency distributions (Figure 4; Data S9). The Maria Island
population showed a mixed signature of eastern and north-western
populations at the haplotype level, which is consistent with the es-
tablishment and supplementation of this island site using individuals
sourced from the insurance metapopulation (Wise et al., 2019). At
the allele and supertype levels, however, differences between north-
western and eastern populations become less prominent, with the
southwest population as the only group that stands out from all the
other populations. As can be seen in Figure 4a, the southwest popu-
lation has a predominant MHC-I haplotype, suggesting that this devil
population has a particularly low MHC diversity, which could have been
caused by a recent selective event or inbreeding due to geographic
isolation from other devil populations (divided by mountain ranges).
Further investigation on the neutral or genome-wide genetic diversity

of this population will be needed to tease apart these possible causes.

4 | DISCUSSION

The lack of a suitable MHC typing method that has high accuracy and
can be easily applied to population-scale studies is a major obstacle
that impedes the understanding of host immunity and adaptive evo-
lution in non-model organisms, especially in threatened species such
as the Tasmanian devil. This work sheds light on the significance of
accurate MHC typing in non-model species and provides an ampli-
con analysis method that can be widely adopted for the use on any

vertebrate species and gene family targets.

4.1 | Importance of accurate MHC typing in non-
model species

Accurate quantification of MHC diversity relies heavily on the sensi-
tivity, resolution, and throughput of the methodology used for MHC
typing. Although Tasmanian devil MHC genes have been well de-
scribed previously (Cheng & Belov, 2014; Cheng et al., 2012; Cheng,
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Stuart, et al., 2012; Siddle et al., 2010), routine MHC typing of devils,
particularly at MHC-I genes, has remained a technical challenge for
many years. This work is the first population-scale study in the devil
that employs an MHC typing method that provides high sensitivity
and high resolution. One of the most important findings from this
study is that there is no significant population differentiation across
Tasmania in the MHC-I allelic and supertype diversity, except for the
geographically isolated south-western population. This contradicts
with our finding in a previous study based on SSCP-based MHC-I
typing which found different signatures of MHC-I diversity between
eastern and north-western subpopulations (Siddle et al., 2010). This
discrepancy is probably due to technical limitations of the previous
MHC-typing method (see also Table 1 and Data S2). The new obser-
vation that eastern and north-western devil subpopulations share
similar MHC supertype profiles, despite showing differentiation at

neutral SNP loci (Miller et al., 2011), may indicate that devils in those
subpopulations are under similar pathogen-driven selective pres-
sure, which has shaped convergence on MHC-I functional diversity
(Schwensow et al., 2019; Sidney et al., 2008). These findings will shift
the way we investigate the role of MHC in the transmissible cancer.
For example, based on our results suggesting that the number of
supertypes that an individual possesses varies markedly from one
to six, it warrants further research to investigate whether supertype
inferred functional diversity plays a role in the observed variation
(Pye, Hamede, et al., 2016) in host immune response against DFTD.

Our findings demonstrate that the use of traditional genotyping
methods with limited resolution and throughput on MHC genes may
lead to underestimation or miscalculation of MHC diversity. Another
well-known similar example is the cheetah (Acinonyx jubatus), which
was originally estimated to have extremely low MHC-I diversity but
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more recently found to possess higher allelic and functional diver-
sity than initially thought using more accurate MHC typing methods
(Castro-Prieto et al., 2011; O'Brien et al., 1985; Schwensow et al.,
2019). Having a reliable high-throughput MHC typing method will
greatly improve the accuracy of results, providing a solid foundation
for addressing important evolutionary, ecological and conservation

questions.

4.2 | Key considerations when applying the new
genotyping pipeline

Since bellerophon is not limited by species or gene targets, it should
be applicable for analysing any low-complexity amplicon data (as op-
posed to high-complexity data such as whole-microbiome 16S rRNA
amplicons) generated with PacBio sequencing in any species. When
using this pipeline for genotyping, there are several key factors to
take into consideration.

1. Data resources needed for PCR primer design: The design
of appropriate PCR primers for studying complex genes can
be difficult when there is no reference-quality genome as-
sembly available for the species of interest. However, long-
read sequencing technologies and the improving performance
of commercially available long-range PCR kits have provided
new opportunities for studying genetic diversity in such genes
without a reference genome. For example, MHC genes comprise
hypervariable regions (exon 2 and exon 3 for MHC-I, exon 2 for
MHC-11) and other more conserved regions. A potential strategy

for performing MHC typing in a species without any genomic
resource is to first identify the less polymorphic regions (e.g.,
through transcriptome sequencing) and design long-range PCR
primers for gene amplification in those exons. The reference
sequence needed in the bellerophon pipeline (Figure 1b) does
not have to be a genomic sequence from a reference genome
and can be either genomic sequence or mRNA sequence, de-

pending on the type of samples used in PCR.

. Amplicon size: Since this MHC typing method is based on PCR

amplification of genes, certain genes that contain long introns
may require multiple pairs of primers to be designed in order to
obtain the full-length sequences. While MHC-I genes are usually
relatively small, with the sizes of genes commonly shorter than
5 kb (e.g., in the human, mouse, Tasmanian devil), certain MHC-II
genes can contain long introns (e.g., mouse E2-Eb1, total length
10.8 kb). Although many commercially available long-range pol-
ymerase kits have the capacity to amplify up to 20 kb or even
longer fragments, it is advisable to limit the sizes of PCR ampli-
cons. This helps ensure that enough subreads can be obtained to
generate high quality CCS reads, and also helps reduce PCR arte-
fact formation.

. Minimise PCR artefacts: Although our data analysis pipeline has

been specifically designed for dealing with data containing po-
tentially high proportions of artefactual sequence variants, it is
still advisable to reduce the chances of PCR artefact formation
during amplicon preparation. One factor that has the most sig-
nificant impact on the prevalence of PCR artefacts is the number
of PCR cycles used (which affects primer:template ratio in the
reaction) during the 2-step PCR amplifications (Liu et al., 2014;
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Qiu et al., 2001). The numbers of PCR cycles for both PCR steps
should be kept to the minimum number that is needed to gener-
ate enough DNA for sequencing library preparation. As detailed
in the Methods section, we tested three high-fidelity long-range
PCR kits and selected the one that provided the highest amplifi-
cation efficiency; this was also to ensure that as few as possible
PCR cycles were used. Another effective way to minimise PCR
artefacts is to reduce the number of genes coamplified per re-
action, for example, by using gene-specific primers. However, as
mentioned previously, this is often not possible for MHC genes in
many non-model species.

4. Long homopolymers: Homopolymers, or long stretches of a sin-
gle type of nucleotides, represent a major technical challenge to
most of the existing sequencing technologies, with the error rate
positively correlated with the length of homopolymer (Ivady et al.,
2018; Weirather et al., 2017). If the target genes contain regions
comprising long homopolymers (e.g., longer than 7 bp), these re-
gions may need to be blocked due to high rates of indel errors
caused during PCR and sequencing, which can interfere with
the accuracy of allele calling. Usually these segments are more
likely to occur in noncoding regions (e.g., introns) than in cod-
ing regions (Piazza & Lio, 2005). We have included an option for
blocking homopolymeric regions from allele calling in bellerophon
(--blacklist).

5. Sequencing technology, base calling accuracy, and sequencing
depth: The base calling accuracy of the sequencing technology
used (in CCS reads with PacBio, raw reads with other technolo-
gies) plays an important part in determining how many homolo-
gous genes can be coanalysed using our genotyping pipeline due
to the clustering-free variant calling approach. The higher the
error rate, the fewer genes can be coanalysed. For example, if
the reads have an error rate of 0.05 for deletion errors, no more
than 10 genes (up to 20 different alleles) can be coanalysed in
order to call deletion variants, assuming equal PCR amplification
efficiency among alleles. Similarly, the sequencing depth required
for confident allele calling also positively correlates with per base
error rates and is positively associated with the number of poly-
morphic sites within the target genes as well. Our future work
will involve testing our pipeline on amplicon data generated on
Oxford Nanopore Technologies platforms, which have the advan-
tages of being more scalable and accessible, though the current
basecalling accuracy in ONT raw reads (though improving) may

still be a limiting factor in compatibility.

5 | CONCLUSION

Here, we show that the current MHC studies in non-model species
are dominated by methodologies with technical limitations, and
these technical limitations may cause incorrect inferences about
MHC diversity and species’ biology. We have presented a new
method and analysis pipeline that overcomes the most common is-
sues. This new method has allowed us to resolve MHC functional

MOLECULAR ECOLOGY 873
g W1 LE Y-

diversity in Tasmanian devil populations for the first time, solving
the long-standing problem of lacking a simple and accurate MHC
typing assay for Tasmanian devil conservation. Our new approach
provides a better solution to addressing research questions that re-
quire high MHC typing accuracy, such as MHC-associated disease
resistance/susceptibility and host-pathogen adaptive co-evolution.
This approach is applicable to other complex gene families in non-

model species.
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