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Abstract

The major histocompatibility complex (MHC) is a key genomic model region for understanding the evolution of gene
families and the co-evolution between host and pathogen. To date, MHC studies have mostly focused on species from
major vertebrate lineages. The evolution of MHC classical (la) and non-classical (Ib) genes in pigs has attracted
interest because of their antigen presentation roles as part of the adaptive immune system. The pig family Suidae
comprises over eighteen extant species (mostly wild), but only the domestic pig has been extensively sequenced and
annotated. To address this, we used a DNA-capture approach, with probes designed from the domestic pig genome,
to generate MHC data for 11 wild species of pigs and their closest living family, Tayassuidae. The approach showed
good efficiency for wild pigs (~80% reads mapped, ~87x coverage), compared to tayassuids (~12% reads mapped,
~4x coverage). We retrieved 145 MHC loci across both families. Phylogenetic analyses show that the class la and Ib
genes underwent multiple duplications and diversifications before suids and tayassuids diverged from their common
ancestor. The histocompatibility genes mostly form orthologous groups and there is genetic differentiation for most
of these genes between Eurasian and sub-Saharan African wild pigs. Tests of selection showed that the peptide-
binding region of class Ib genes was under positive selection. These findings contribute to better understanding of the
evolutionary history of the MHC, specifically, the class | genes, and provide useful data for investigating the immune

response of wild populations against pathogens.

Key words Major histocompatibility complex, DNA sequence capture, Adaptive immunity, Pigs, Peccaries
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Introduction

The family Suidae (Artiodactyla, Mammalia), commonly known as pigs or suids, diverged from their sister family
Tayassuidae (peccaries or tayassuids) ~35 Ma (Gongora et al 2011). Most immunogenetic knowledge is limited to the
domestic pig (Sus scrofa), and to a lesser extent to wild species of suids and tayassuids. These wild species play
important roles in their natural environment, in agriculture, and in emerging, re-emerging, and zoonotic diseases (Al
Dahouk et al. 2005; Meng 2012; Na Ayudhya et al. 2012). The lack of genetic resources from wild suids and tayassuids
limits our understanding of the evolution of their adaptive immune responses, including that from the major

histocompatibility complex (MHC).

The MHC is a multi-gene family (three subregions; Figure 1) that comprises immune (innate and adaptive) and non-
immune genes and is important for understanding the development and regulation of immune responses in vertebrates
(Penn and llmonen 2001). Comprehensive studies of major vertebrate groups, including mammals, have contributed
to our knowledge about MHC function and diversity (Kulski et al. 2002; Frazer et al. 2003; Renard et al. 2006). The
ecological adaptability and evolutionary success of suids and tayassuids in various environments (Meijaard et al. 2011;

Taber et al. 2011) make them ideal for studying the genetic mechanisms behind the evolution of the MHC.

In the domestic pig, the MHC is located on chromosome 7 and is known as the swine leukocyte antigen (SLA), and
the histocompatibility genes within the MHC region are referred to as SLA genes (Renard et al. 2006). The
histocompatibility molecules (referred to as MHC class | and class I1) are responsible for self/nonself recognition as
part of the adaptive immune system (Borghans et al. 2004). In vertebrates, the classical (Ia) and non-classical (Ib)
class | genes encode surface proteins expressed on nucleated cells. The former is highly polymorphic and expressed
in most tissue types, whereas the latter have more limited diversity and expression. The MHC class 1l molecules are
expressed on specialised antigen-presenting cells (e.g. macrophages) and have similar roles to class la molecules
(Renard et al. 2001; Lunney et al. 2009). The antigen peptide-binding region (PBR) of the MHC class | and class 11
proteins are encoded by exons 2 to 3 and exon 2, and present intracellular and extracellular antigen peptides to T
lymphocytes, respectively (Takahashi et al. 2000; Lunney et al. 2009). Most of the polymorphisms are within the
PBR, contributing to the overall diversity of these genes (Piertney and Oliver 2006; Jaratlerdsiri et al. 2014). The class
I11 region, also known as the inflammatory region, is comparatively well conserved among different vertebrate groups.
Several immune-related genes, such as the tumour necrosis factor gene family (TNF) and complement proteins, are

orthologous in Teleost fish, amphibians, mammals, and eutherians (Kelley et al. 2005; Deakin et al. 2006).

Comparative studies between model species such as humans and mice have broadened our understanding of adaptive
evolution in the MHC (Carver and Stubbs 1997; Emes et al. 2003; Kelley et al. 2005). However, studies of non-model
species have revealed considerable MHC variation between and within species (Janova et al. 2009; Kloch et al. 2010;
Alcaide et al. 2014). This diversity is often explained by pathogen-driven selection (Kelley et al. 2005; Janova et al.
2009; Kloch et al. 2010), and mediated by balancing selection (Hughes and Yeager 1998) and/or the birth-and-death
model (Nei et al. 1997). This model involves gene duplication leading to increased allelic diversity and gene loss
occurring via the accumulation of deleterious mutations producing non-functional pseudogenes (Nei et al. 1997;

Hughes and Yeager 1998; Barbisan et al. 2009). In mammals, a well-conserved set of anchor genes distributed across
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the three subregions provides a framework for the histocompatibility genes to expand and diversify (Amadou 1999;
Ando and Chardon 2006).

Orthologous MHC class Il genes shared between distantly related mammals indicate that these loci were present
before the radiation of major placental orders (Yeager and Hughes 1999). For example, the MHC class Il DR and DQ
loci are found in multiple mammalian species. Other loci, such as the DP and DY, have been lost (gene death) and
gained (gene birth), respectively, in cows, sheep, and pigs (Kelley et al. 2005). In contrast, the MHC class | genes are
not orthologous between mammalian orders, but some are orthologous within orders (Yeager and Hughes 1999), even
though the positions of the anchor genes are identical (Kulski et al. 2002; Lunney et al. 2009). Differentiated blocks
of genes, like the histocompatibility genes, have also been produced from rapid diversification after these taxa
diverged from a common ancestor (Yeager and Hughes 1999; Kelley et al. 2005). In addition, the clustering of the
class Ib genes with class la genes of taxa within the same order also suggests that the class Ib genes arose
independently by gene duplication from the class la genes within orders or species (Rodgers and Cook 2005). The
differences in MHC genes between mammalian orders and even species maintain the debate on what and how genetic
mechanisms generate or maintain MHC diversity in wild populations, particularly in the MHC class | and class 1l

genes (Piertney and Oliver 2006; Spurgin and Richardson 2010).

An early study of domestic pig MHC genes proposed that some class la genes emerged approximately 15 Ma, that
the class Ib genes emerged after suids separated from other artiodactyls ~65 Ma, and that an ancestral gene of a class
la pseudogene originated ~120 Ma (Renard et al. 2003). However, these hypotheses are yet to be tested in the context
of the extant wild suids and tayassuids, including more recent estimates of divergence times between these taxa
(Gongora et al. 2011). Furthermore, a study of MHC class Il loci in domestic pig breeds and a limited number of wild
suid and tayassuids showed that a few class Il alleles are shared between these taxa (Luetkemeier et al. 2009). In the
absence of species-specific data, the domestic pig MHC is, therefore, a valuable reference for investigating the

retention and divergence patterns of these loci and the evolution of the MHC between extant taxa.

In this study, we generated MHC data for 11 wild species of suids and tayassuids using hybridisation DNA capture-
based sequencing. This method is commonly used to resequence specific genomic loci in individuals belonging to the
same species (homologous capture), but it can also be used to target distantly related species (heterologous capture)
using a known sequence as the reference (Buckley 2007; Mamanova et al. 2010). We used the MHC Hpla.1 haplotype
of S. scrofa as a reference sequence for probe design (Renard et al. 2006; Stam et al. 2008; Groenen et al. 2012). Data
from individuals within a species were combined to generate consensus sequences to infer the evolutionary
relationships of genes within the MHC region and, in particular, the MHC class | genes. Our study provides the first
MHC data for suids and tayassuids, laying the foundations for a better understanding of the diversity of this genomic

region, and of host immune responses to environmental challenges at the species level.

Materials and methods

Sampling and sequence capture
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Genomic DNA was extracted from 88 specimens, representing 9 out of 18 species (Meijaard et al. 2011) of Suidae (n
= 69) from Eurasia and Africa and 2 out of 3 species (Taber et al. 2011) of Tayassuidae (n = 19) from the Americas
(Table 1). These represent five suid genera (Sus, Hylochoerus, Phacochoerus, Potamochoerus, and Babyrousa) and
two tayassuid genera (Pecari and Tayassu). Samples were submitted to the Biosample Project PRINA384704
(accession numbers SAMNO07139417 to SAMNO07139502). Two samples of the species H. meinertzhageni were not
submitted because of the low quality of the sequences obtained downstream (see Results). For specific details of

samples, see Online Resource 1.

The MHC sequence used for designing the capture array was obtained by merging the ~2.4 Mb sequence described
by Renard et al. (2006) and the ~0.4 Mb sequence produced by Stam et al. (2008) (GenBank accession number:
MF029693, Online Resource 2). At the time of experimentation, SLA-12 (Tanaka-Matsuda et al. 2009) was not
available, and therefore not included in the array design for retrieval. The custom 385K capture array was then
designed by NimbleGen (Madison, WI, USA) using standard parameters, but increasing probe unicity from 1 to 25
due to the presence of multiple duplicated genes and repetitive elements in the MHC region. The final version of the
design (101001_Sscrofa INRA_SM_cap) covered 2,003,926 bp, approximately 72% of the initial region.

For each sample, 1.5 pg of genomic DNA was measured using Qubit fluorometer (Invitrogen, Carlsbad, CA, USA),
resuspended in 130 pL of ddH,0 and fragmented using a Covaris S-2 instrument (Covaris, Woburn, MA, USA). The
samples were purified with 1.8X AMPure Beads (Beckman Coulter Genomics, Brea, CA, USA) and resuspended in
Resuspension buffer (Illumina, San Diego, CA, USA) to a final volume of 60 pL. DNA quality was checked using a
DNA 1000 Bioanalyzer Chip (Agilent Technologies, Santa Clara, CA, USA). For each sample, the remaining DNA
(59 uL) was used for library preparation. The TruSeq DNA Sample Preparation Kit (Illumina, San Diego, CA, USA)
was used for end-repair, A-tailing, and adaptor ligation. Agarose gel size selection was omitted. After ligation, indexed
samples were PCR amplified (‘pre-capture enrichment’) following the NimbleGen Array User’s Guide Version 3.2
(NimbleGen), and the quality was assessed using a Qubit (Invitrogen) and a DNA 1000 Bioanalyzer Chip (Agilent

Technologies).

A 385K array (NimbleGen) was used to hybridise 12 uniquely indexed and multiplexed libraries in parallel (Online
Resource 3). The libraries were pooled in equimolar ratios to obtain a final amount of 5 pg of DNA (416 ng
DNAVlibrary). To improve hybridisation, 100 pg of S. scrofa Cot-1 DNA (Applied Genetics Laboratories, Melbourne,
FL, USA) and 10 pL of six different 100 uM blocking oligonucleotides (Eurofins MWG Operon, Ebersberg,
Germany) were added. These blockers (named BO1-0O6) were described by Meyer and Kircher (2010) and were used
to avoid hybridisation to the adaptors. The hybridisation mix was dried in a SpeedVac (Thermo Scientific, Waltham,
MA, USA) at 60 °C. Hybridisation was performed following the manufacturer’s instructions. Eluted pooled libraries
were amplified by PCR (‘post-capture enrichment’) using the protocol recommended by Illumina, with the following
modifications to cycles (cycle: number): L1-L2: 18, L3-L4: 17, and L5-L8: 15. A final quality check was performed
and each library was quantified using Qubit (Invitrogen) and DNA 1000 Bioanalyzer Chip (Agilent Technologies).

Sequencing of each multiplexed captured library was performed on a lane of HiSeq 2000 (Illumina) as paired-end
101 bp reads with the TruSeq v3 Kit (Illumina). Raw image analysis and base calling were performed using the

[llumina data analysis pipeline (Illumina 2009). Custom Perl scripts were used to successively trim raw reads for low-
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quality bases at the 3’ end, until finding a base with a phred quality score of >10 or until the read length became less
than 40 bp. Sequences with Q<10 were removed. These steps were performed to increase the number of reads
available for mapping. Reads were then mapped to the customised pig genome sequence (Online Resource 2) using
BWA (Li and Durbin 2009). PCR duplicates were removed using rmdup from SAMtools (Li et al. 2009).

The efficiency of the DNA capture approach was measured using seven parameters: i) % of total reads mapped onto
the reference; ii) specificity, given as the % of reads mapping on targeted regions (100 bp downstream and upstream
from each contiguous group of capture probes); iii) evenness of coverage, or ‘E score’, as defined by Mokry et al.
(2010); iv) coverage within target region; v) % of duplicated reads; vi) C15 score, % bases with at least 15x coverage;
and vii) level of enrichment of the coverage in the targeted regions compared with the rest of the genome. An analysis
of variance (ANOVA) was used to evaluate the significance of the capture parameters. This was compared between
species, genera, and families using a mixed-effects ANOVA F-test in R 3.0.1 (R Development Core Team 2008)
(covariate: library, random effect: sample, fixed effect: species/genus/family). When differences between species,
genera, or families were significant (P < 0.05), Tukey’s test was used to compare the means of the parameters. An
unsupervised, two-way hierarchical analysis was performed using the FactoMineR package (L& et al. 2008) to
visualise clusters of individuals based on their variance-covariance structure and to examine the similarities of the
capture array efficiency between the studied species. The resulting .bam files were submitted to the Sequence Read
Archive (SRA, https://www.ncbi.nlm.nih.gov/sra) under the study SRP108721.

Generation of MHC consensus sequence and bioinformatics

Given the variability of coverage between conspecific individuals and genetic distance between species, consensus
sequences were generated for each species using SAMtools (Li et al. 2009). This was to illustrate the degree of
sequence conservation and divergence at a species level (Choo et al. 1991; Day and McMorris 1992) and for
downstream analyses. All samples from the same species were merged to increase the number of reads mapped against
the reference sequence. Variant calling was performed using bcftools (Li et al. 2009) and a 10x depth coverage was
used as the initial cut-off value. A minimum phred-scaled probability score of 10 was used for SNP call quality to
retrieve the conserved and divergent nucleotide. A final consensus was obtained for each species (Online Resource
4) using the pileup and variant call format (VCF) outputs. Automatic annotation was performed by aligning similar
DNA regions between the S. scrofa reference and each consensus sequence using Advanced PipMaker (Schwartz et

al. 2000). Interspersed repeats were detected using RepeatMasker (http://www.repeatmasker.org) and libraries

available for mammals. This program treats artiodactyl queries best when compared with other species of the same

family.

Phylogenetic analysis of MHC genes

We performed phylogenetic analyses of i) all genes retrieved in the MHC region independently (including 57 class I,
30 class 11, and 58 class I11 genes) to infer the orthologous relationships of genes within the MHC between species of
suids and tayassuids; and ii) 10 MHC class la (SLA-1, SLA-2, SLA-3, SLA-4, SLA-5, SLA-9, and SLA-11) and Ib (SLA-
6, SLA-7, and SLA-8) genes to infer the evolutionary relationships between the MHC class | genes. The protein-coding

sequences were used because they are likely to reflect the evolutionary forces acting on functional genes. For
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pseudogenes, we included the whole exonic region. Custom Perl scripts were used to retrieve exonic regions of MHC
genes and validated against existing databases including Ensembl (http://www.ensemble.org, Aken et al. 2016) and
the Vertebrate Genome Annotation (VEGA, http://vega.sanger.ac.uk, Wilming et al. 2007) (Online Resource 5). All
alignments were performed using MAFFT-E-INS-i (Katoh and Standley 2013).

For the analysis of dataset i), MEGA v7 (Kumar et al. 2016) was used to find the best-fitting substitution model, based
on the Bayesian information criterion. Maximum likelihood was used to infer the phylogeny and node support was
estimated using 1,000 bootstrap replicates. To infer the placement of the root, we treated the tayassuids as the outgroup.
Details of the alignments are available in Online Resource 6. Gaps were partially deleted to retain as many informative
sites as possible without removing the whole site. We tested for substitution saturation at each codon position using
Xia’s test of saturation in DAMBE version 6.4.42 (Xia 2017). For this analysis, none of our histocompatibility gene
alignments shows evidence of saturation (data not shown), except for the first codon positions of SLA-5. Thus, we

inferred the phylogenetic tree without the first codon position.

For the dataset with the 10 MHC class | genes, we performed Bayesian phylogenetic analyses in MrBayes v3.2
(Rongquist et al. 2012) to gain insight into the phylogenetic relationships of these genes. The best-fitting nucleotide
substitution model, HKY+G (Hasegawa et al. 1985), was selected using Modelgenerator (Keane et al. 2006) based
on the Bayesian information criterion. Posterior distributions of all parameters, including the tree, were estimated
using Markov Chain Monte Carlo (MCMC) sampling. The MCMC analysis was run until the standard deviation of
split frequencies between two independent MCMC runs fell below 0.01, with the first 25% of steps discarded as burn-
in. As suggested by Renard et al. (2003), SLA-11, classified as a pseudogene, was used as an outgroup as the precursor
of other SLA genes. Although unpublished RNA-sequencing data of the domestic pig suggest that SLA-11 could be a
functional gene (Rogel-Gaillard, in preparation), it has been shown to be orthologous to a relic segment of a human
class | fossil gene (Renard et al. 2003). Therefore, this does not preclude the use of this sequence as an outgroup.
Further studies will be required to clarify its pseudogene/functional gene status. As a means of comparison, we also
inferred the phylogeny using maximum likelihood in MEGA v7 (Kumar et al. 2016), using the same model and all

sites, with 1,000 bootstrap replicates.

Selection tests

To gain insight into the diversity and conservation and the evolutionary forces that might be acting on genes within
the MHC between species, we tested for selection in i) 145 genes separately. We also compared the available
transcripts of genes, where possible, with the online databases Ensembl and VEGA using MAFFT-E-INS-i (Katoh
and Standley 2013). We then tested for selection in ii) exons 2 to 3, the PBR, and non-peptide binding region (non-
PBR) of the class Ib histocompatibility genes (SLA-6, SLA-7 and SLA-8). We excluded the MHC class la and 11 genes
due to the large number of gaps (>30 bp) and low coverage in the PBR (Online Resource 9b) which are not reliable
for a selection test. Tests of selection compared the rate of nonsynonymous substitutions (dn) with the rate of
synonymous substitutions (ds). The dn/dsratio provides an indication of the direction of selection acting on a gene:
where dn/ds < 1 indicates negative selection, dn/ds> 1 indicates positive selection, and dn/ds ~ 1 indicates the absence
of selection (Nei and Gojobori 1986). Here, we wished to detect whether genes in the MHC region were under positive

or negative selection for future studies on specific selection mechanisms. The tests performed can indicate whether
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changes are radical or conserved between species/family and to observe whether there are increased rates of

nonsynonymous substitutions than under neutral evolution.

The mean rate of synonymous and nonsynonymous substitutions per site was estimated using the modified Nei &
Gojobori (1986) method with Jukes-Cantor correction to account for multiple substitutions at the same site. Estimates
of standard errors were obtained using 1,000 bootstrap replicates, and gaps were subject to pairwise deletion.
Statistical significance was evaluated using codon-based Z-tests and testing the null hypothesis (dn=ds) against the
alternative hypotheses, dny>ds and dn<ds. We only considered the rates and ratios that were non-zero. All tests were
performed in MEGA v7 (Kumar et al. 2016).

Results

Sequence capture efficiency and output

The capture parameters varied greatly across taxa (Table 2) and all other capture parameters between library and
genus (Online Resource 7). For statistical analysis, we removed two outliers from H. meinertzhageni with low
coverage (<1x). The highest percentages of mapped reads were found in S. scrofa (84.5%) as expected, followed by
other related species of the genus Sus (77.0-82.3%) and the related sub-Saharan genera (Hylochoerus, Phacochoerus,
and Potamochoerus; 76.0-80.6%), and Babyrousa (73.3%). There were significantly lower percentages of mapped
reads in tayassuids (11.7-12.2%). This pattern follows the taxonomic relationships and genetic distances between the
different species studied here in relation to the S. scrofa used for designing the capture array. There were no clear
patterns in most of the remaining parameters (i.e. parameters ii-vii), except for significant differences in the level of

efficiency between suids and tayassuids.

Three parameters were used to cluster the data obtained by sequence capture: the percentage of total mapped reads,
the specificity, and the total coverage. The resulting tree based on the percentage of total mapped reads (Online
Resource 8a) clustered individuals according to their family and genus, with a few minor exceptions. This is similar
to the taxonomic relationship (Figure 2), where tayassuids are the sister group to suids, followed by the South East
Asian Babyrousa as sister taxon to the Eurasian (Sus) and sub-Saharan African suids (Potamochoerus, Phacochoerus,
and Hylochoerus), and Potamochoerus as the sister taxon to Hylochoerus and Phacochoerus (Gongora et al. 2011).
Although the status of S. scrofa still needs clarification due to the recent taxonomic update of some subspecies to
species, the sampling used in Figure 2 does not reflect this (Gongora et al. 2017). The tree obtained using the total
coverage (Online Resource 8b) followed a similar pattern to the total mapped reads, but there was a slightly weaker
correspondence with the taxonomic relationships. In contrast, the tree based on specificity (Online Resource 8c) did
not reproduce the same pattern as the total reads mapped or coverage, except for the clear split between suids and
tayassuids. Therefore, the results of the clustering analyses closely reflected the structure of the data as presented in

Table 2 when the same capture-efficiency parameters were considered.

The average coverage of the MHC region in suids is mostly even (Online Resource 9) and the lower coverage seen in
tayassuids (<6x) reflects the lower efficiency in capture output. Some regions had extremely high coverage (>1000x),
these regions correspond to approximately 890,000-896,000 bp, 4,607,500-4,615,000 bp and 4,720,000-4,807,000
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bp of the MHC region (indicated by the star in Online Resource 9a). Comparison of gap regions (>30 bp) consistent
between species contained the MHC class la genes (~327,000-497,006 bp) and class 11 genes (~4,900,000-5,270,000
bp) as indicated by the black boxes labelled 1 and 4 respectively. Gaps indicated by box 2 (~4,620,000-4,720,000)
and 3 (~4,805,000-4,845,000) (Online Resource 9b) does not contain any genes, the former are made up of tandem
repeats including ‘paramyosin-like’ and PolyA stretches and the latter contain PolyA stretches. Both these regions
have a low probe coverage (~50%) compared to ~94% in other regions. Online Resource 9b shows the overall
coverage per species in SLA-1, SLA-6, and SLA-DQBL1 genes for comparison. Particularly lower coverage was found
in the PBR of the class la (exons 2 and 3) and class Il (exon 2) genes. The MHC Ib genes did not display this pattern
of low coverage or gap.

In total, 145 loci out of the 153 loci identified by Renard et al. (2006) were retrieved in the MHC region (See Online
Resource 6 for gene details). MHC gene sequences (class I, 11, and Il1) are available in Online Resource 10. MHC
gene alignments include VEGA sequences for alignment purposes. The genes not retrieved were the olfactory
receptors (OLF42-1, OLF42-2, and OLF42-3), AFP, LST1, LY6G6E, and TNXB. The olfactory receptors and TNXB
are within highly repetitive LINE1 clusters and are challenging to sequence (Zozulya et al. 2001; Treangen and
Salzberg 2011; Chiovaro et al. 2015). AFP is a possible pseudogene of TRIM26 and is adjacent to TRIM26 in the
domestic pig genome (Renard et al. 2006) and may not have been sufficiently captured. The probe design for the
region in which LST1 was located might not have been optimal because it seems to be a highly diverse gene, with low
sequence similarity between eutherian species (36% between human and mouse) and appears to be absent in
marsupials (Deakin et al. 2006). Similarly, this is the case for LY6G6E, which is expressed in lineage-specific patterns

and is widely used as a cell marker for leukocytes (Loughner et al. 2016).

The SLA-DYB gene was not retrieved in P. tajacu, P. africanus, and P. larvatus. SLA-11 was translated due to its
uncertain pseudogene/functional gene status in the domestic pig, and complete reading frames were identified in the
domestic pig and the rest of the species, which has not been reported previously. We identified premature stop codons
in Hyme SLA-3 (residue 168), Phaf SLA-7 (residue 386), Peta SLA-7 (residue 386), Sucel SLA-5 (residue 135) and
Hyme SLA-5 (residue 372). Stop codons were also found in the pseudogenes SLA-4 and SLA-9 in all species, as
expected. Although the class 11 gene SLA-DOB?2 is classified as a pseudogene (Renard et al. 2006), we only identified

stop codons in the tayassuids (residue 37).

Phylogenetic analysis of MHC genes

From our phylogenetic analyses of i) all genes in the MHC, we will focus on the histocompatibility genes (MHC class
I and class 1) and the anchor genes that were found in all of the species examined. Our results show that some MHC
class | genes yielded similar tree topologies when tayassuids was used as the outgroup (Online Resource 11). Most
genes are distinguished to the genus level (Online Resources 11a, e, g-j) with some exceptions, some to the family
level (Online Resources 11c, d), and others not grouped according to any taxonomic relationship (Online Resources
11b, f) as illustrated in Figure 2 (Gongora et al. 2011).

Compared with the class la genes, the groupings of the class Ib genes closely followed the taxonomy of the species.
Similar tree topologies are seen for the MHC class 11 genes (Online Resource 12). SLA-DRA and SLA-DQB1 (Online
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Resources 12a and d) show topologies more similar with the species tree, whereas SLA-DQA (Online Resource 12c)
mostly presented family-level grouping and some genus-level grouping. For SLA-DRB1 (Online Resource 12b), the
tayassuids grouped with the rest of Sus and sub-Saharan African species, with no distinction in terms of genus or
family. The anchor genes (Online Resource 13) displayed a similar variation in topology to the MHC class I and 11
genes. Genes that followed closely to the species taxonomy include GNL and C4A (Online Resource 13b and I), those
by genus with some exceptions include MOG and TCF19 (Online Resource 13a and d). One gene, RXRB (Online
Resource 13p), showed no distinction between most of Sus and the sub-Saharan African suids but had a low bootstrap

value (5).

For our analysis of the 10 MHC class | genes, we found complete putative protein sequences for SLA-1 to SLA-9 and
SLA-11 in all species of suids and tayassuids (Figure 3). The MHC class | genes are grouped in four main clades
which are mostly orthologous (posterior probabilities, 0-1; and supporting bootstrap values, 0-100, are given in
parentheses): 1) SLA-3 genes (0.74); 2) SLA-2 and some peccary class la genes (0.76); 3) SLA-1 genes (0.63); SLA-5
and SLA-9 (0.56/6); and 4) SLA-4 and the class Ib genes (0.98/43). Within clade 2, SLA-1 to SLA-3 from T. pecari
and SLA-2 and SLA-3 from P. tajacu form a monophyletic group. Genes not within any main clade include Baba SLA-
3 from and Popo SLA-5, which forms a polytomy with the classical la genes in clades 2 and 3 respectively. The
relationships of these genes between the species in clades 1 to 3 are partially resolved, where most branches show
dichotomous branching, although they do not necessarily follow the species tree. The polytomy here might indicate
the rapid differentiation of these genes before speciation. However, the low bootstrap values and inconsistencies
between the Bayesian and maximume-likelihood trees for most of the classical class I genes (clades 1 to 3) suggested

poor resolution of the relationships of these genes across wild suids and tayassuids.

Selection within the MHC region

Across the species studied here, we found variable rates of synonymous and nonsynonymous substitutions (Table 3).
The average nonsynonymous substitution rates of the protein-coding MHC (histocompatibility) class | genes is higher
(0.028) than that of class Il (0.01976), as expected due to the polymorphic nature of the class la genes. The overall
nonsynonymous substitution rates of class | genes is lower (0.01305) than expected compared with genes in the class
Il region (0.01487), but the values for coding genes (0.01272) in class | are slightly higher than for those in class Il
(0.0127). The slightly lower synonymous rate in all the class | protein-coding genes (0.03413) also inflated the overall
dn/ds ratio (0.47622) compared with the class Il region (0.39976). The synonymous substitution rates are more similar
across different gene types and are also higher in the anchor genes compared with nonsynonymous substitutions. As
expected, the anchor genes have very low nonsynonymous substitution rates compared with any other type of genes
(dn<0.007, ds> 0.034) but are similar across different type of genes (overall averages, non-protein coding genes, and
histocompatibility genes). Overall, we see a large portion of synonymous substitutions within the genes in the MHC

region regardless of their role, with variable rates of nonsynonymous substitutions between various genes in the region.

Tests that yielded significant evidence of positive selection included those conducted for SBAB-499E6.10 (P = 0.01)
mapping to the class | region (Online Resource 14a), but this gene contained multiple stop codons in all the species
examined. Seven other genes (C7H60rf12, ZNRD1, TRIM40, C7H60rf15, PSORS1C2, SLA-8, and SLA-7) were found
to be under negative selection. Ten class Il genes (MCCD1, APOM, LY6G6B, LY6G6C, LY6G6D-005, C7H60rf25,
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LSM2, HSPA1A, GPSM2, and BTNL5) showed evidence of negative selection and two genes (LY6G6D-004 and
CT7H60rf31) were found to be under positive selection (Online Resource 14b). These genes are all classified as protein-
coding in S. scrofa. However, only partial sequences were retrieved for HSPA1A (5° end missing), a novel coding
sequence classified by Renard et al. (2006), and contained stop codons. Stop codons were also present in Tape
MCCD1 (residue 117), and in Phaf and Peta SLA-7 (residue 386). Six genes in the class Il region, including
histocompatibility and non-histocompatibility genes (SLA-DRB1, SLA-DQA, SLA-DOB2, SLA-DRB5-201, SLA-DOA,
and SLC39A7-003) showed evidence of negative selection (Online Resource 14c). In contrast with the findings of
Renard et al. (2006), the predicted protein-coding sequences of these Susc loci contained stop codons (except SLA-
DQA, Popo and Pola SLA-DRB1).

Our analysis of the PBR and non-PBR (Online Resource 15) showed the MHC class Ib genes significant for positive
selection (P<0.05). The dn/ds ratios of the PBR and non-PBR in the Ib genes (SLA-6, SLA-7, and SLA-8) are 1.85-
2.91. 0.51-0.95 respectively. The higher nonsynonymous substitution rates and synonymous substitution rates in the

PBR than in the non-PBR was expected.

Discussion

Sequence capture efficiency

Overall, our DNA capture approach was more efficient for suids than in tayassuids. The capture parameters used in
this study provide some insight into the performance of the method. The effect of sequence divergence of the target
from the reference sequence is important and can be assessed by the percentage of total reads mapped. Although the
variation found within family or closely related species and individual parameters can be affected by technical aspects,

this can be useful in determining improvements to the protocol.

A typical homologous capture experiment has an average specificity of about 60%, with values ranging from 20% to
70% (Hodges et al. 2009; Cummings et al. 2010; Hoppman-Chaney et al. 2010). The blockers used here were the only
ones available at the time (Meyer and Kircher 2010). These blocker sequences influence how well the protocol
prevents the cross-hybridisation of off-target fragments, such as adaptors (Burbano et al. 2010; Harakalova et al.
2011). The adaptors used were also considered longer than others and prone to off-target hybridisation (Nijman et al.
2010; Rohland and Reich 2012). In a later heterologous study using the same protocol in chickens (Gallus gallus), an
increase in specificity of ~10% was achieved (42.2%) (Moroldo, unpublished data). The percentage of duplicated
reads is similarly affected by technical issues. The two rounds of amplification (pre- and post-capture PCR) increased
the likelihood of duplicates, commonly occurring during PCR. However, this can be amended by duplicate removal

steps and does not affect subsequent analyses (Ebbert et al. 2016).

Specificity, coverage and the E score can be influenced by how polymorphic the region is, where less divergence
between the target and probe sequence is easier to recover (Buckley 2007). The exceptionally high polymorphism in
the class la and class Il genes (Lunney et al. 2009) makes this challenging. In addition, species-specific and pig breed
line-specific class la and class Il haplotypes add to this challenge (Ho et al. 2010; Essler et al. 2013). On the other

hand, regions that are highly conserved have better coverage. The first region of high coverage (>1200x; 890,000—
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896,000) extends ~6000 bp and contains the DPCR1 gene. This gene is classified as a pseudogene, but a complete
open reading frame (ORF) was found in our consensus sequence. The DPCRL1 gene is also found in a region of high
sequence similarity (~60%) to humans (Shigenari et al. 2004). The second region (4,607,500-4,615,000) also
corresponds to a highly conserved region between mammals, the BTNL family proteins. However, the third region
(~4,720,000-4,807,000) corresponds to an uncharacterised region containing no genes, but have homology to some
segments of chromosome X, Y, 2, 5, 7, and 14. Further studies will be needed to determine the characteristics of the
DPCR1 and uncharacterised region in suids and tayassuids. The E scores within each family are mostly homogeneous
and within benchmarked values (Mokry et al. 2010). However, the low levels obtained in tayassuids (33.4%)
compared with suids (64.3%) likely reflect the high sequence divergence of the target from the reference sequence,

similarly seen in specificity and other capture parameters.

Regarding the two gap regions corresponding to ~4,620,000-4,720,000 bp and ~4,805,000-4,845,000 bp, these contain
many tandem repeats which are difficult to sequence. These sequences are paramyosin-like which contain repetitive
elements similar to the polyA stretches (Mooseker and Cheney 1995; Treangen and Salzberg 2011). In addition to
this, the probe coverage of both regions was 50% and 45% respectively, compared to the probe coverage where the
MHC histocompatibility genes were located, was ~94% (data not shown). This resulted in almost Ox coverage in the

region.

The degree of genetic divergence between the reference and target sequence also influences the capture efficiency.
Its effect was clearly seen in the hierarchical clustering of the coverage and percentage of reads mapped (Online
Resource 8a and b), with close intermingling of Sus species. These species diverged about ~1.3-3.7 Ma, which is
much more recent than their divergence from sub-Saharan African suids ~10 Ma (Gongora et al. 2011). Our sampling
of Sus also included feral pigs, which possibly consisted of populations Asian and European genetic origins (Gongora
et al. 2004) and might be reflected by this clustering as some S. scrofa subspecies have been elevated to the species
level (Gongora et al. 2017). The effect of divergence is also reflected by the species in each library (Online Resource
3). Library 5, which contained only Sus species, had a higher coverage. Library 6, which contained only S. scrofa,
had the highest percentage of reads mapped. These values contrast with those of other libraries including taxa more
divergent from the reference sequence, as seen in library 7 containing only tayassuids, for which all parameters were
the lowest compared with the other libraries. The use of multiple, closely related species as a reference might improve

the overall capture results (Pefialba et al. 2014).

In contrast to Renard et al. (2003), our analyses reveal that SLA-11 encoded complete ORFs in all our species and is
potentially a functional gene. This finding is consistent with unpublished RNA (Rogel-Gaillard, in preparation) data
that show this to be expressed in domestic pigs. In addition to the findings of previous studies (Renard et al. 2003;
Renard et al. 2006), the presence of both functional and null alleles found for SLA-3, SLA-5, and SLA-7 in both
domestic pigs and some wild suids and tayassuids (premature stop codon in Hyme SLA-3; Hyme and Sucel SLA-5;
Phaf and Peta SLA-7), and SLA-DOB?2 in tayassuids, indicates the extent of gene duplication, loss, and copy humber
variation that is occurring in the MHC. Null (or pseudogenes) genes arise as a result of causes such as the loss of
promoters or mutations that produce premature stop codons (Pink et al. 2011). The protein-coding genes here have
maintained correct ORFs and only one stop codon was identified in Hyme SLA-3, and Peta and Phaf SLA-7, in

comparison with the classified pseudogenes where multiple stop codons were identified (~7 positions in SLA-4 and
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~5 in SLA-9). Stop codons were not identified in all species for SLA-9, but missing data present in the known stop
codon positions prevent us from determining whether this locus is functional or not. As DNA sequence analysis was

used to infer the functional status here, RNA studies are required to corroborate this beyond the domestic pig.

Evolutionary history of the MHC class | genes

Our Bayesian phylogenetic analyses of the 10 MHC class la and Ib genes have provided the first comprehensive
insight into the evolution of these genes in wild pigs and tayassuids (Figure 3). The evolution of the class | genes has
been difficult to assess because they are rarely orthologous between species of different orders or family. For example,
there are 10 or 11 MHC class | genes in the chimpanzee and human (Primates, Hominidae) (Anzai et al. 2003) that
are orthologous and 28 in the rhesus macaque (Primates, Cercopithecidae) (Kulski 2004). In our study, we found that
MHC class | genes are orthologous to the suborder level (Suina) which include both suids and tayssuids. The presence
of class la and Ib genes in all the species studied indicates these loci emerged and underwent a series of duplications
before these families diverged from the common ancestor over 35 Ma (Gongora et al. 2011). This contrasts with a
previous hypothesis that suggested that the class la genes emerged ~15 Ma (Renard et al. 2003). Although the number
of MHC class I genes per species can potentially differ between haplotypes, our capture protocol could only capture
genes that share homology with the reference sequenced used. The class Ib genes show greater genetic differentiation
between the Eurasian, sub-Saharan African suids, and tayassuids compared with the class la genes. This further

supports the idea that these genes have more species-specific roles than the class la genes (Kusza et al. 2011).

The roles of the non-classical genes in the domestic pig are still unclear, despite various studies on the level and
localisation of their expression (Crew et al. 2004; Kusza et al. 2011). However, the non-classical genes in humans,
including HLA-E, HLA-F, and HLA-G have been well studied and have been shown to bridge the innate and adaptive
immune response (Rodgers and Cook 2005; Allen and Hogan 2013). The most transcribed non-classical gene is SLA-
8 and it has been suggested to be a functional homologue to HLA-E because of their similar range and level of
expression in tissue (Kusza et al. 2011). The high level of nonsynonymous substitutions found in SLA-8 may indicate
a role in presenting species-specific self and nonself peptides that are unique to the environment in which the
individuals are found. HLA-E acts as a self-immune surveillance to protect against potential invasion from pathogens
by regularly surveying the number of peptides derived from MHC la molecules as well as nonself peptides. A lack of
MHC class la peptide presentation activates natural killer cell-mediated lysis as an indication of MHC down regulation
and the cells/host are potentially immunocompromised (Joosten et al. 2016). In our study, we identified a predicted
SLA-7 transcript with seven exons for all species, but stop codons were present in P.africanus and P.tajacu (residue
386). An RNA study in domestic pigs for SLA-7 identified a transcript with eight exons (Hu et al. 2011), differing
from the current annotation of seven exons. Its complex transcription pattern reveals a need for further investigation

of this, and the remaining non-classical genes, to address questions related to their role and species-specific variants.

Our individual phylogenetic analyses of the MHC class I, class Il, and anchor genes (Online Resources 11-13)
provided some insight into the evolution of specific genes within Suidae and Tayassuidae through the topology
produced. The genes that show the closest topology to the species tree (Figure 2) are protein-coding; SLA-1, SLA-2,
SLA-6, SLA-7, SLA-8, and SLA-11. However, our Bayesian analysis (Figure 3) showed less distinction between

Eurasian, sub-Saharan African suids, and tayassuids in the class la genes. This suggests that the class la genes are
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highly homologous to each other, but still contain species-specific differences, especially between SLA-1, SLA-2, and
SLA-3. Furthermore, the class Ib genes are not clustered with the class la genes and follow the species tree closely,

indicating that they might have more species-specific roles (Kusza et al. 2011).

The class 11 SLA-DRA and SLA-DQB1 genes show more distinction between species than SLA-DQA and SLA-DRB1.
Compared with the class | genes, for which orthology between different orders is rare, the class 1l genes have a
different evolutionary history where orthologous class Il genes occur between different mammals (e.g., human class
Il is orthologous to the mouse E region) (Yeager and Hughes 1999). This might be because the class Il genes form a
heterodimer with the o and B chains and any variation in either can cause disability in the class Il molecule. This is
also apparent in the extremely high synonymous substitution rate in SLA-DQB1 non-PBR (0.076). Our phylogenetic
analyses are in contrast with some MHC class Il studies which show more shared alleles between donkey and horse
DRA and a more variable DQB, whereas our SLA-DRA and SLA-DQB1 showed more distinction between species than
SLA-DQA and SLA-DRBL1 (Janova et al. 2009).

Within the anchor genes, GNL1 and C4A both have highly specific roles. GNLL1 is a G protein-like receptor that has
a role in cell signalling and binding hormones, neurotransmitters, ions, and other stimuli (Rosenbaum et al. 2009).
This is consistent with the different social organisation and variety of scent glands between different species of suids
and tayassuids. C4A is a part of the complement cascade and is a highly polymorphic complement gene, where
diversity can be advantageous for combating a range of pathogens (Castley and Martinez 2012). The less differentiated
genes, MOG, TCF19, and RXRB, are related to highly conserved basic biological functions in mammals, such as
nerve myelination, transcription factor, and regulation of cellular growth, respectively (Krishnan et al. 1995; Nagata
et al. 1995; Kersten et al. 1997; Johns and Bernard 1999; Castley and Martinez 2012).

Selection in MHC genes

Of the genes under positive selection (excess of honsynonymous substitutions), SBAB-499E6.10 (class | subregion)
is suggested to be a transcribed pseudogene that overlaps the CDSN pseudogene (Renard et al. 2006). Transcribed
pseudogenes may have roles in regulating their ‘parent genes’ (such as interfering RNA). CDSN regulates the
formation of the cornified envelope of the skin protecting the internal body from the environment against physical,
chemical, and microbial agents (Simon et al. 1997; Matsumoto et al. 2008). Strong positive selection in FLG, a human
skin barrier gene, has been linked to some common loss-of-function alleles, but non-dysfunctional heterozygotes can
also present benefits without being deleterious (Irvine and Irwin McLean 2006). It is important to investigate whether
skin barrier type coding genes play a role in producing low-level exposure to pathogens that can promote local
adaptation or ‘natural vaccination’ (Irvine and Irwin McLean 2006). The high tolerance of bushpigs (Potamochoerus)
and warthogs (P. africanus) to ASFV in sub-Saharan Africa where it is endemic, is of particular interest (Costard et
al. 2009).

Within class 111, one of the loci under positive selection was C7H60rf31. This gene is orthologous to the human
chromosome 6 open reading frame 31, but its function is unclear in pigs (Renard et al. 2006). This locus plays a role

in synaptic transmission for AMPA receptors (Kirk et al. 2016) and learning and memory in rats (Brinton et al. 2008).
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The cognitive abilities of S. scrofa have been shown in experimental and natural settings; these have included the
social recognition of familiar and unfamiliar conspecifics (Gieling et al. 2011). Likewise, wild suids and tayassuids
stay together in familial herds and are rarely accepted between herds (Fowler 1996; Taber et al. 2011). The white-
lipped peccary (T. pecari) has also been recorded to counterattack predators and disperse into smaller groups for

foraging to avoid repetitive foraging in recently foraged areas (Taber et al. 2011).

The LY6G6D gene (class I11) codes for the lymphocyte antigen 6 complex, locus G6D, and is a part of the LY-6 gene
family. Studies have shown that this family of genes have diverse functions depending on the cell type(s) on which
they are expressed (Mallya et al. 2006). Its role in detecting chemoattractant gradients can control the movement of
macrophages and other immune cells to the required site of response (Rodriguez-Fernandez and Cabafias 2013). Some
diseases in wild suids have been shown to modulate or subvert the host immune response, such as Porcine reproductive
and respiratory syndrome virus (Na Ayudhya et al. 2012) and ASFV (Dixon et al. 2004). It is possible that this positive
selection seen in LY6G6D has a role in processing certain pathogens in the environment of these species. Alternatively,
its potential role in hematopoietic cell differentiation allows monocytes/macrophages to be distinguished into different
subpopulations, where some subpopulations of monocytes have been implicated with infection of African swine fever

virus (Sanchez-Torres et al. 2003).

We found many genes to be under negative selection, which might reflect conservation of sequence function within
wild suids and tayassuids. This form of selection tends to keep new or radical changes to the gene at low frequencies
(Fay et al. 2001; Mukherjee et al. 2009). It is also interesting to note that if genes evolve under the birth-and-death
model under strong negative selection (Nei and Hughes 1992), it is more likely that pseudogenes are generated
(Piontkivska et al. 2002). This might explain the numerous MHC class Il pseudogenes (SLA-DRB2 to SLA-DRBS5,
SLA-DQBZ2) that are seen in suids and tayassuids, with the protein-coding gene being under negative selection (SLA-
DRB1).

A high diversity of MHC alleles is generally recognised to confer protection to a range of pathogens, and rare alleles
might offer better protection (van Oosterhout 2009). This is due to negative frequency-dependent selection, whereby
pathogens evolve to avoid common MHC variants. This host-pathogen co-evolution results in a range of alleles and
genes that give resistance to different pathogens, and variants are rarely fixed (van Oosterhout 2009). In turn, this
leads to an abundance of similar genes, as seen here within the classes la and Ib and in S. scrofa (wild boar) other

species such as crocodiles and birds (Barbisan et al. 2009; Jaratlerdsiri et al. 2014; Alcaide et al. 2014).

Our analysis of the PBR and non-PBR in the MHC class Ib presented significant for positive selection which was
expected for antigen-presenting genes. The positive selection indicates that a diversity of antigen presenting peptides
might provide an advantage in combating different infectious diseases (Sommer 2005; Kloch et al. 2010). The higher
nonsynonymous substitution rates of the class Ib genes between species further suggests some species-specific
differences, as previously reported (Tennant et al. 2007; Kusza et al. 2011). This is also interesting because the non-
classical genes are usually described as oligomorphic (Lunney et al. 2009). In contrast, the non-PBR are usually
conserved and contain the leader peptides, transmembrane domains, and cytoplasmic tail, and are also responsible for
regulation and facilitating gene expression (Ballingall and McKeever 2005; Drake et al. 2006; Barrett et al. 2013).

This is evident in the higher synonymous substitution rates in the MHC class 1b non-PBR. Within the domestic pig,
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there are over 200 SLA classical class | alleles, 18 non-classical class | alleles, and 212 SLA class Il alleles

(https://www.ebi.ac.uk/ipd/mhc/group/SLA). Our protocol was therefore unable to obtain sufficient data of the class

laand Il genes due to to high divergence in this region (Burri et al. 2008; Jaratlerdsiri et al. 2012; Moutou et al. 2013;
Alcaide et al. 2014), and a comparison of diversity in these genes between wild suids and tayassuids cannot be made.
However, future work using the data from this study can be used to pursue more efficient sequencing of the PBR in
the MHC class la and class Il genes. This will allow us to perform more comprehensive diversity studies within and
between species, and detect genes that might be maintained due to trans-species polymorphisms (shared alleles

between long-diverged species) or other genetic mechanisms (van Oosterhout 2009).

Conclusions

Overall, our study has demonstrated that heterologous DNA capture is a useful approach for investigating the MHC
of non-model species. This approach was more efficient in Suidae than Tayassuidae. Genetic distance is a major factor
that influences the efficiency of this approach, but technical factors cannot be excluded. Approximately 145 MHC

loci, including the histocompatibility genes, were characterised for each species.

We also reveal that the repertoire of classical and non-classical class | genes found in the domestic pig are present in
both wild Suidae and Tayassuidae, indicating that these loci emerged prior to the divergence of these two groups.
During this time, these genes underwent a series of duplications that generated 10 class | loci (including pseudogenes).
Subsequently, genetic differentiation of these genes after speciation and pathogen-mediated selection might have
contributed to the distinct genetic patterns of the classical and non-classical class | genes between extant Eurasian and
sub-Saharan African suids. We detected positive selection in the peptide-binding regions of the non-classical genes,

but additional studies for the classical class I and class Il genes are needed.

Our findings lay the foundation for improving our understanding of the immunogenetics in Suidae and Tayassuidae
such as conservation and diversity of the class | and 11 histocompatibility genes. For instance, our data can be used to
investigate the immune response of histocompatibility genes in sub-Saharan African bushpigs to better understand
their local adaptation to African swine fever. Similarly, our data can be used to assess the genetic diversity of the
MHC among natural populations of wild suids and pecarries to identify the mechanisms of evolution and selection
that have been shaping and maintaining variation. Finally, the DNA hybridisation-based method described here can
be applied to study the MHC or other complex immune loci among closely related taxa and within species as a cost-

effective method in non-model organisms.
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Table 1 Details of suids and tayassuids used in this study including number and sample location

Family Species name? Species distribution NP Source(s)
Sus scrofa . .
(Wild boar) Eurasia 18 Yorkshire Farm (UK)
Sus barbatus . Singapore Zoo (Singapore); Zoological Society of
(Bornean bearded pig) Southeast Asia 10 London Animal Hospital (UK)
Su§ cebifrons . Southeast Asia 4* Rotterdam Zoo (Netherlands)
(Visayan warty pig)
Sus celebensis Southeast Asia 10*  Sulawesi mainland and Buton Island (Indonesia)

(Sulawesi warty pig)
Surabaya Zoo (Indonesia); Marwell Zoo and Chester

Southeast Asia 13 Zoo (UK); Essen Zoo (Germany), Copenhagen Zoo
(Denmark)

Babyrousa babyrussa

Suidae (Babirusa)

Hylochoerus meinertzhageni Sub-Saharan Africa 3 Uganda

(Forest hog)

Phacochoerus africanus Sub-Saharan Africa 10 W|ndh0e!< (Namibia); Rotterdam Zoo (Netherlands);
(Common warthog) lwaba (Zimbabwe)

Potamos:hoerus larvatus Sub-Saharan Africa 4* Natal, South Africa (Zimbabwe)

(Bush pig)

Potamochoerus porcus . .
(Red river hog) Sub-Saharan Africa 1 Duisburg Zoo (Germany)

L Matecafia City Zoo, Sante Fe Zoo, Barranquilla and
Pecari tajacu

(Collared peccary) South America 19*  Macagual (Colombia); Marwell Zoo and Edinburgh
Tayassuidae P . Zoo (UK)
T i . " . .
ayassu pecarl South America 4* La Lagartija (Colombia); Antwerp Zoo (Belgium)

(White-lipped peccary)

@ Common names of species are given in parentheses
® The number of specimens from each species including duplicates (indicated by *)
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Table 2 The effect of species and family on capture parameters. The models included DNA-sequencing library as a covariate, animal as a random effect, and family and

species as fixed effect. The means of all capture parameters are represented.

Species Total reads* % mapped* Specificity* E score* Coverage (X)* Duplicates (%0)* C15 (%)* Enrichment*
Sus scrofa? 27, 379, 402 84.49 30.38 62.58 53.47 60.7 72.6 390.34
Sus barbatus 26, 667, 397 82.31 30.74 65.35 94.31 45.43 80.69 396.41
Sus cebifrons 37, 700, 490 76.98 32.79 68.33 157.54 37.73 86.34 436.23
Sus celebensis 27, 159, 226 80.61 32.3 66.26 107.2 41.81 81.02 423.92
Hylochoerus meinertzhageni 69, 813, 982 69.66 33.31 65.40 164.85 46.75 84.06 443.28
Phacochoerus africanus 37, 880, 504 75.98 33.81 64.50 102.78 48.58 79.12 456.60
Potamochoerus larvatus 25,108, 272 76.08 32.55 62.66 88.29 43.97 75.14 429.48
Potamochoerus porcus 12, 352, 464 75.62 32.63 61.81 29.01 51.32 60.17 429.75
Babyrousa babyrussa 31,017,878 73.34 33.69 63.57 82.80 47.58 76.08 455.53
Pecari tajacu 18, 175, 378 12.24 19.33 34.24 3.82 6.76 5.55 216.85
Tajacu pecari 23,457,748 11.66 22.34 29.50 5.55 6.28 7.95 263.21
Family

Suidae 30, 922, 354 78.92 31.69 63.57 87.73 49.42 77.6 415.33
Tayassuidae 19, 094, 051 12.14 19.85 33.41 4.12 6.67 5.97 224.91

*P<0.005 in capture parameters between species, genus and family (for all significant values of each library, genus and family, see EMS_7-9).

@The Sus scrofa shown here includes wild boar and feral pig samples, see EMS_1 for specific details of each sample.
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Table 3 The average rates of synonymous (dy) and nonsynonymous substitution rates (ds), and their dn/ds
ratios reported below for genes across the class I, 11 and 111 regions. Average estimates of standard error (S.E)
are shown in brackets. The genes included in each category are as follows; all genes: include all genes within
each class respectively; all protein coding genes: all known genes including novel transcripts and novel CDS
except for pseusdogenes as indicated in Online Resource 6; non-protein coding genes: pseudogenes only;
protein-coding histocompatibility genes: SLA-1, SLA-2, SLA-3, SLA-6, SLA-7, SLA-8; all histocompatibility
genes: SLA-1 to SLA-9, SLA-11; anchor genes: as indicated in Online Resource 6

921

dn (S.E) ds (S.E) dn/ds ratio
Class | All genes 0.01305 (0.00239) 0.03441 (0.00639) 0.47248
All protein coding genes 0.01272 (0.00230) 0.03413 (0.00654) 0.47622
Non-protein coding genes 0.01663 (0.00249) 0.03648 (0.00585) 0.51116
Protein-coding 0.02800 (0.00377) 0.03435 (0.00628) 0.80166
histocompatibility genes
All histocompatibility genes  0.02742 (0.00375) 0.03212 (0.00634) 0.87507
Anchor genes 0.00394 (0.00098) 0.03372 (0.00637) 0.96606
Class Il All genes 0.01487 (0.00315) 0.03606 (0.00719) 0.48172
Coding genes 0.01270 (0.00258) 0.03760 (0.00700) 0.39976
Non-coding genes 0.02043 (0.00481) 0.03170 (0.00816) 0.70655
Protein-coding 0.01976 (0.00347) 0.04398 (0.00841) 0.45199
histocompatibility genes
All histocompatibility genes  0.01873 (0.00388) 0.03303 (0.00785) 0.63131
Anchor genes 0.00456 (0.00111) 0.03957 (0.00541) 0.10402
Class 111 All genes 0.01065 (0.00219) 0.04116 (0.00714) 0.31770
Coding genes 0.01040 (0.00215) 0.04128 (0.00711) 0.31327
Non-coding genes 0.02001 (0.00438) 0.03405 (0.00842) 0.58772
Anchor genes 0.00607 (0.00112) 0.04352 (0.00546) 0.13541
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Figure Captions

Fig. 1 Diagram of the swine (S. scrofa) major histocompatibility complex (MHC). Class I is located on the p-arm
of chromosome 7, followed by class 111 and Il which is separated by the centromere (grey box) on the g-arm. The

length of each region according to Lunney et al. (2009) is indicated underneath the corresponding regions.

Fig. 2 Maximum likelihood tree of DNA sequences from eight nuclear (SINE, PRE-1, P17, P207, P252, P408,
GPIP and the TNFa promoter) and 10 mitochondrial loci (cytb, 12S rRNA, 16S rRNA, ND1, ND2, tRNA- Leu,
tRNA-Ile, tRNA-GIn, tRNA-Met and control region). The tree was produced in MEGA7 (Kumar et al. 2016)
using data from Gongora et al. (2011). Bootstrap values are indicated on the respective branches. Coloured
branches and symbols indicate the geographical region of Suidae and Tayassuidae species: South America (red
branches; [1); sub-Saharan (yellow branches; O); Eurasia (green branches; 4), south east Asia (Blue branches;

A). Hippopotamus amphibious was used as an outgroup.”

Fig. 3 Bayesian phylogenetic tree of the classical and non-classical MHC genes in wild species of suids and
tayassuids. The dataset here represents 10 MHC class | genes (SLA-1, SLA-2, SLA-3, SLA-4, SLA-5, SLA-6, SLA-
7, SLA-8, SLA-9, and SLA-11) in 11 species of suids and tayassuids, a total of 110 sequences. Abbreviations of
species are as follows: Sus scrofa (Susc); Sus barbatus (Suba); Sus cebifrons (Suce); Sus celebenis (Sucel);
Hylochoerus meinertzhageni (Hyme); Phacochoerus africanus (Phaf); Potamochoerus lavartus (Pola);
Potamochoerus porcus (Popo); Babyrousa babyrussa (Baba); Pecari tajacu (Peta); and Tayassu pecari (Tape).
The tree is rooted with SLA-11 as the outgroup. Posterior probabilities (0—1) and likelihood bootstrap values (0—
100%) for major branches are shown in boxes above the relevant branch (posterior probabilities/bootstrap values),
the scale is indicated by the bar on the top left. Other posterior probabilities are indicated by colour; the scale is

indicated by the bar on the top left.
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Online Resource Captions

Online Resource 1 Voucher details of samples used in the study including the library, barcode within each library,

project number, sample 1D, species, natural distribution and sampling location

Online Resource 2 Schematic diagram describing the capture array design. (a) The blue bar represents the
annotated sequence of the pig chromosome 7 outside the MHC locus, as retrieved from Ensembl (Sscrofa 10.2,
(Groenen et al. 2012). The orange bar extending from base 24,614,801 to 29,807,435 corresponds to the MHC
locus. This region was removed from the Ensembl sequence and then replaced with the VEGA chromosome 7-
LW sequence (http://vega.sanger.ac.uk/Sus_scrofa/Info/Index). The chromosome 7-LW sequence only includes
the MHC (5,406,156 bp) and was obtained by Renard et al. (2006). The quality of its assembly and annotation is

considered of higher quality respect to the standard Ensembl version. (b) The pig MHC locus is made up by two
regions (green and salmon coloured bars) separated by the centromeric region (in grey). The assembly obtained
by Renard et al. (2006) enabled sequencing of 1,826,329 bp onto the p-arm and 579,827 bp, onto the g-arm,
corresponding to a total 2,406,156 bp (green bars). The centromere, spanning roughly 3 Mb, was not used for the
design (grey bar). A further contig produced by Stam et al. (2008) (Accession number: MF029693) was then
merged to 7-LW to cover a further 394, 857 bp towards the centromere (salmon coloured bar) as a result of a
small overlapping region onto the g-arm. This produced a target region of 2,801,013 bp. The NimbleGen probes
covered 2,003,926 bp (~72% of the region). The merging and alignment among the different sequences was
performed using MUMmer 3.0 (Kurtz et al. 2004) and masked using BEDtools 2.13.1 (Quinlan and Hall 2010) to
avoid redundancy

Online Resource 3 Details on the species and number (n) for each library used in the array. Each library contains

a total of 12 samples

Online Resource 5 Details on the extraction of coding sequences for downstream analyses

Online Resource 6 Details of genes retrieved and not retrieved (denoted with ), including details for the
alignments used for phylogenetic analyses. Information on the coding sequence (CDS) length is shown as base
pairs (bp). Genes within the dotted lines indicate the framework anchor genes, and histocompatibility genes are
denoted in bold. For pseudogenes, the whole exonic region was retrieved. The number of exons retrieved and the
protein length (amino acids) for each alignment is shown, with figures in brackets indicating the amino acid length
in the 10.2 annotation of the S. scrofa genome. Readings frames with stop codons in all species are indicated by
the asterisk (*) except otherwise stated and the residue number in brackets. Locus type abbreviations are as
follows: Known (K); Pseudogene (P); Novel Transcript (NT); Novel CDS (NCDS); Putative (PU). Known genes
are identified to be functional by Renard et al. (2006)

Online Resource 7 The effect of DNA-sequencing on capture parameters. L indicates the library and N indicates

the number of samples for each (a) library (b) genus and (c) family. The model included DNA-sequencing library

as a covariate, genus as fixed effect, and animal as a random effect
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Online Resource 8 Hierarchical clustering of (a) percentage of reads mapped by species (b) coverage (X) by
species and (c) specificity (%) by species. The hierarchical cluster analysis was performed in FactoMineR package
(Lé et al. 2008) using 'hclust' function with '1-cor (x) ' as distance and 'ward' as aggregation criterion. Ward's
method joins clusters to maximize the likelihood at each level of the hierarchy under the assumptions of
multivariate normal mixtures, spherical covariance matrices, and equal sampling probabilities. Each major cluster
is indicated by different coloured branches and the geographical region of each species is categorised by the

coloured box to the left: South America (red); sub-Saharan (yellow); Eurasia (Green), south east Asia (Blue)

Online Resource 9 Plot of the MHC region and the average coverage (X) of each species. In (a) The x-axis
indicates the coverage and the y-axis indicate the position relative to the size of the MHC region. The centromere
is indicated by the black arrow. Species and average coverage are as shown on the right (to the nearest integer),
regions with high duplicates are indicated by a star (~890,000-896,000 bp, 4,607,500-4,615,000 bp and
4,720,000-4,807,000 bp) and regions with gaps consistent between species (over 30bp) are indicated by the black
boxes numbered 1-4. These indicate the regions 1: ~327,000-497,006 bp; 2: ~4,620,000-4,720,000 bp; 3:
~4,805,000-4,845,000 bp; and 4: ~4,900,000-5,270,000 bp. Plots in (b) show an example of the coverage in one
gene from class la (SLA-1), Ib (SLA-6) and class Il (SLA-DQB1). The level of coverage (X) is shown on the x-
axis, the y-axis indicates the length of the corresponding gene, the blue bar indicates regions covered by the probes,
exon 2 (yellow boxes) and exon 3 (dark grey boxes) are indicated. Plots were produced using (R Development
Core Team 2008)

Online Resource 11 Phylogenetic analyses of the histocompatibility genes, the classical and non-classical SLA
class | genes ordered by their position in the genome (a) SLA-1; (b) SLA-5; (c) SLA-9; (d) SLA-3; (e) SLA-2; (f)
SLA-4; (g) SLA-11; (h) SLA-8; (i) SLA-7; (j) SLA-6. Trees were produced by Maximum Likelihood in MEGA v7
(Kumar et al. 2016) based on the model-of-best-fit and a gamma category of 6 to account for evolutionary rate
differences among sites. The branch lengths measured in the number of substitutions per site, positions with less
than 95% site coverage were eliminated (>5% alignment gaps). Gaps were partially deleted. Different coloured

branches and symbols indicate the geographical region of each species: South America (red branches; [1); sub-

Saharan (yellow branches; O); Eurasia (green branches; #), south east Asia (Blue branches; A)

Online Resource 12 Phylogenetic analyses of the SLA class Il genes ordered by their position in the (a) SLA-
DRA,; (b) SLA-DRBL1; (c) SLA-DQA; (d) SLA-DQBL1. Trees were produced by Maximum Likelihood in MEGA v7
(Kumar et al. 2016) based on the model-of-best-fit and a gamma category of 6 to account for evolutionary rate
differences among sites. The branch lengths measured in the number of substitutions per site, positions with less
than 95% site coverage were eliminated (>5% alignment gaps). Gaps were partially deleted. Different coloured

branches and symbols indicate the geographical region of each species: South America (red branches; [1); sub-

Saharan (yellow branches; O); Eurasia (green branches; #), south east Asia (Blue branches; A)

Online Resource 13 Phylogenetic analyses of the anchor genes ordered by their position in the genome as follows:
class | (a) MOG; (b) GNL1; (c) CCHCRL; (d) TCF19; (e) POU5F1; class Il (f) BAT1; (g) NFKBIL1; (h) TNF;
(i) LTB; (j) BAT2; (K) VARSZ; (1) C4A; (m) CYP21A2; (n) PBX2; class Il (0) COL11A2; (p) RXRB; (q) SLC39A7;
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(r) HSD17BS8; (s) RING1. Trees were produced by Maximum Likelihood in MEGA v7 (Kumar et al. 2016) based
on the model-of-best-fit and a gamma category of 6 to account for evolutionary rate differences among sites. The
branch lengths measured in the number of substitutions per site, positions with less than 95% site coverage were
eliminated (>5% alignment gaps). Different coloured branches and symbols indicate the geographical region of

each species: South America (red branches; [1); sub-Saharan (yellow branches; O); Eurasia (green branches; 4),

south east Asia (Blue branches; A)

Online Resource 14 Graphs showing the synonymous (ds) and nonsynonymous (dy) substitution rates of (a) class
I (b) class Il and (c) class Il genes in the MHC region. The left x-axis indicates the mean substitution rates and
the right x-axis show the dn/ds ratios. Synonymous substitution rates are indicated in black striped columns,
nonsynonymous substitution rates in solid black columns and the dn/ds ratios by yellow dots. Significant P-values
for rejecting the null hypothesis (neutral selection, dy=ds) in favour of positive (green dots) or negative selection
(red dots) are shown above the respective genes. Black triangles indicate the anchor genes and white triangles
indicate the histocompatibility genes. All values were estimated in MEGA v7 (Kumar et al. 2016) using the
modified Nei & Gojobori (1986) method with Jukes-Cantor correction to account for multiple substitutions at the
same site. Gaps were treated with pairwise deletion. Genes are shown in order according to their position in the

genome

Online Resource 15 Graph showing the synonymous (ds) and nonsynonymous (dn) substitution ratios of the
histocompatibility genes in class Ib. These are shown as regions in the peptide binding region (PBR) encoded for
by exon 2 and 3, and the non-PBR region. The left x-axis shows the dy substitutions (solid black columns) and the
ds substitutions (striped column), and the right x-axis shows the ds/dy ratio (dots). Significant P-values for
rejecting the null hypothesis (neutral selection, dy=ds) in favour of positive (green dots) or negative selection (red
dots) are shown above the respective genes. All values were estimated in MEGA v7 (Kumar et al. 2016) using the
modified Nei & Gojobori (1986) method with Jukes-Cantor correction to account for multiple substitutions at the

same site. Gaps were treated with pairwise deletion
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