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Abstract

Genetic variation is the foundation for a population to adapt to an environment that is constantly
changing. Investigating the mechanisms through which genetic variation is acquired and
maintained can inform how populations evolve in response to environmental pressures. One of
the most variable genomic regions is the Major Histocompatibility Complex (MHC), the
hallmark of adaptive immunity. In my dissertation, | explore mechanisms affecting MHC genetic
variation with a focus on hybridization as a source of adaptive genetic variation.

In Chapter 1, I characterized three MHC Class Il loci (DQAL exon 2, DQB1 exon 2 and
DQB2 exon 2) in four species of howler monkeys (genus Alouatta): A. palliata, A. pigra, A.
caraya and A. guariba. These species had not been characterized for any of these MHC loci.
Overall, platyrrhines, monkeys of the Americas, are an understudied primate group for MHC
genes. The genotypes derived from this study of these four Alouatta species suggested
duplications at the MHC-DQAL1 and MHC-DQB1 genes. Different lines of evidence (genotypes,
genome search, gene prediction and phylogenetic analysis) supported at least one duplication
event for DQAL and two duplication events for DQB1. Additionally, sequences from individuals
of two more divergent platyrrhine lineages (Aotus and Callithrix) indicate these duplications may
be present across platyrrhines and constitute trans-specific polymorphisms, in which
polymorphic gene lineages persist through speciation events. These analyses support positive and

balancing selection maintaining the diversity of MHC-DQ in platyrrhines.



In Chapter 2, | evaluated MHC genetic diversity across the distribution of A. palliata. |
analyzed populations from Mexico, Costa Rica and Peru at seven MHC loci. | found that
populations in Mexico were monomorphic at all seven loci while the other populations exhibited
greater genetic diversity. These three populations also had signatures of population structure. My
results suggested positive selection acting on DRB and DQB1-L3. The remaining loci appear to
be evolving neutrally, mirroring patterns of genetic diversity at neutral markers. The Mexican
population showed extremely low levels of genetic diversity at each MHC locus. This reduced
functional diversity may have serious implications for the conservation of the Mexican
population.

In Chapter 3, | assessed introgression of MHC alleles in the Alouatta hybrid zone (A.
palliata x A. pigra). The level of genomic admixture (based on a hybrid index) for each
individual analyzed in the hybrid zone has been previously estimated. | used these values to
evaluate the level and direction of introgression at each locus. | found asymmetric introgression
from A. palliata into A. pigra at all loci. Moreover, five out of six MHC loci analyzed showed
increased introgression compared to neutral expectations, suggesting alleles at MHC loci from
one species can confer advantages in a second species following hybridization. This is the first
study to provide empirical evidence, in a primate hybrid zone, that supports previous claims of
adaptive introgression of MHC genes in humans.

This dissertation investigated MHC genetic variation in platyrrhines and the mechanisms
and sources responsible for this variation. | provided evidence for gene duplication and
hybridization as important sources of adaptive variation maintained through selection. Also, |

implemented MHC loci as markers for evaluating genetic diversity, which are more informative



of adaptive genetic variation than traditionally used neutral markers. This work provides new

insight into the evolutionary history of MHC in platyrrhines and primates more generally.

Xi



Chapter 1: MHC-DQ Duplications in Platyrrhine Primates Maintained by Selection

Abstract
The Major Histocompatibility Complex (MHC) is a highly polymorphic multigene family with a
key role in adaptive immunity. We characterized for the first time three MHC Class Il loci
(DQAL exon 2, DQBL1, exon 2 and DQBZ2 exon 2) in four species of howler monkeys (genus
Alouatta). Using high-throughput sequencing, we genotyped 99 wild howler monkeys, including
57 A. palliata, 38 A. pigra, 2 A. caraya and 2 A. guariba. Genotyping results, showing more than
two alleles per locus per individuals, suggested one duplication event at DQAL and two
duplication events at DQB1. We implemented different approaches to confirm these
duplications. Genome search and gene prediction analyses, in A. palliata, supported duplications
at DQA1 and DQBL1. We also performed genome search analyses on Callithrix jacchus and
Aotus nancymaae, using publicly available MHC-DQ sequences and their respective genomes to
determine the presence of these putative duplications in platyrrhine primates. The results also
supported these duplications. Additionally, maximum likelihood phylogenetic analyses including
all four Alouatta species, C. jacchus and A. nancymaae were consistent with duplications at
DQAL and DQBL1. Based on the divergence of the species we investigated, these duplications
events occurred at least 20 MY A. Moreover, we found positive selection occurring mostly at
antigen binding sites (ABS) in DQA1 and DQB1 based on dN/dS ratios. We propose that

positive and balancing selection have maintained these duplications in platyrrhine primates.



Introduction
The Major Histocompatibility Complex (MHC) is a multigene family with a central role in
adaptive immunity. This genomic region is characterized by its high gene density and extreme
polymorphism across many genes (Edwards and Hedrick 1998). Such level of polymorphism is
hypothesized to be a consequence of pathogen-driven balancing selection, in which multiple
gene variants are maintained in populations facing a broad spectrum of pathogens that must be
recognized to trigger specific immune responses (Doherty and Zinkernagel 1975; Jeffery and
Bangham 2000; Bernatchez and Landry 2003; Prugnolle et al. 2005). The MHC is found across
multiple species of jawed vertebrates but the genomic organization varies across taxa. In general,
the current organization of MHC genes in human and non-human primates is similar, when
compared to other vertebrates (Kelley et al. 2005).

MHC genes are traditionally divided by function into three different classes: MHC class
I, MHC class 1l and MHC class Ill. In particular, MHC class Il genes code for cell surface
proteins that bind to peptides of pathogenic origin and present them to the appropriate T-cells
(Garrigan and Hendrick 2003; Janeway et al. 2004). MHC class Il includes the well
characterized genes DP, DQ and DR. These genes are further subclassified into alpha (DPA,
DQA and DRA) and beta (DPB, DQB and DRB) depending on the part of the heterodimer
molecule they code for (Bernatchez and Landry 2003; Reche and Reinherz 2003). MHC class Il
gene organization and composition appears to be fairly conserved in various groups of primates
with some considerations. Catarrhine monkeys, those from Asia and Africa, have lost their
DQA2/DQB2 genes along their evolutionary history. They also show extreme variability for DR
genes that is not shared with apes or platyrrhines (the monkeys of the Americas) (Bontrop et al.

1999, Doxiadis et al. 2007, Doxiadis et al. 2012). Humans, great apes and platyrrhines are



believed to share the same MHC class Il organization, including four DP genes (two alpha and
two beta), four DQ genes (two alpha and two beta) and three DR genes (one alpha and two beta)
(Heijmans et al. 2020). However, platyrrhines remain a largely understudied taxonomic group
for MHC genes in general, with only 24 out of 176 currently recognized species (IUCN 2021)
studied for any MHC locus (IPD-MHC data base). Particularly, DQ genes have only been
characterized in the families Aotidae (genus Aotus) (Gaur et al. 1992, Diaz et al. 2000, Otting et
al. 2020), Callithrichidae (genera Callithrix and Saguinus) (Bidwell et al. 1994, Antunes et al.
1998, Otting et al. 2020) and Cebidae (genera Cebus and Sapajus) (Buckner et al. 2021). For the
Atelidae family no DQ gene has ever been characterized, although one species of howler
monkey (Alouatta pigra) has been studied at the DRB exon 2 MHC locus (Arguello-Sanchez et
al. 2018).

Howler monkeys (Alouatta) have the largest distribution of any platyrrhine, ranging from
southeast Mexico to northern Argentina (Cortes-Ortiz et al. 2003, Doyle et al. 2021). There are
14 recognized species (Cortés-Ortiz et al. 2015), which can be found in a variety of forest
habitats, from pristine forests to highly disturbed landscapes (Milton 1998). Such broad
distribution and differences in habitat may influence their exposure to different pathogens,
consequently impacting the diversity of MHC genes.

Previously uncharacterized MHC loci of primate species may provide new insights into
the evolutionary history of MHC in primates, more generally. In this chapter, we aimed to
characterize for the first time DQAL exon 2, DQBL1 exon 2, and DQB2 exon 2 in four Alouatta
species to the determine the level of intra and interspecific variation in the genus and compare it
to that in other platyrrhines to evaluate the evolutionary history of these genes in the group.

DQAL and DQB1 are functionally relevant genes that encode for the antigen binding groove



within the MHC class 1l molecule, to which proteins from pathogenic origin attach with high
specificity and trigger an appropriate immune response. Importantly, exon 2 from DQA1 and
DQBL1 contains antigen biding sites (ABS) that specifically code for the antigen biding groove
(Bartl & Weissman 1994). Our results suggest gene duplications at DQA1L and DQBL1 loci for all
platyrrhine species. Although gene duplications at DQ loci have been well documented in other
mammal species (Xu et al 1994, Yang et al 2005, Bryja et al 2006, Niranjan et al 2010, Ballingal
et al. 2017, Pagan et al. 2018) they had never been confirmed in primates (but see Diaz et al.
2000 and Buckner et al. 2021). Additionally, our results suggest that these duplications have

been maintained through selective processes.

Methods

Sampling, DNA extraction and amplification

We analyzed samples from 99 wild Alouatta individuals from four species, including 57 samples
from A. palliata from Mexico (37 blood samples), Costa Rica (10 blood samples) and Peru (10
fecal samples), 38 blood samples from A. pigra from Mexico (N=32) and Guatemala (N=6), 2
tissue samples from A. caraya from Argentina, and 2 tissue samples from A. guariba from
Argentina (Figure 1-1). Samples from Mexico were collected between 1998 and 2010. Samples
from Costa Rica were kindly shared by Dr. K. Glader to the Cortés-Ortiz Lab. Samples from
Peru were collected by Sergio Redondo and Fanny Cornejo. Fecal samples were obtained fresh
from observable individuals immediately after defecation, collected in 15 ml tubes with 99%

ethanol, refrigerated in the field and frozen before being shipped to the US and stored at —-80°C



in our lab facilities. Details for the collection of samples from Mexico and Costa Rica can be
found in Cortés-Ortiz et al. (2003, 2019) and Kelaita et al. (2011).

We extracted DNA from blood and fecal samples using the DNeasy Blood & Tissue Kit
(Qiagen, Valencia, CA) and the QIAamp DNA Stool Mini Kit (Qiagen, Valencia, CA),
respectively. We followed manufacturer’s protocol for both DNA extraction kits. We quantified
DNA concentration in a Qubit 4 Fluorometer, using the Qubit dsDNA high-sensitivity assay

(Invitrogen, Carlsbad, CA). All samples were standardized at a DNA concentration of 5 ng/pl.

Next Generation Sequencing Library Preparation

We followed the 16S protocol from Illumina (Illumina 2013) for next generation sequencing
library preparation with modifications. Briefly, we performed a PCR to amplify the product of
interest, and a second PCR to attach labeling indexes to the DNA fragments generated in the first
PCR. The final products were pooled in equimolar DNA concentrations for sequencing. We
performed PCRs using previously published primers targeting partial sequences of three exons:
DQAL exon 2 and DQBL1 exon 2 (Gyllensten & Elrich 1988 and Yasunaga et al. 1996). As
previously reported (Diaz et al 2000) the set of primers used for DQBL1 also co-amplified DQB2
exon 2. We modified the first stage PCR to a 3-phase Touch-Down with an initial denaturing
temperature of 95 °C for 5 minutes, followed by two cycles of 94 °C for 30 sec, annealing
temperature (55 °C for DQA1 and 60 °C for DQB1 and DQB2) for 30 sec and 72 °C for 30
seconds (phase 1); two cycles of 94 °C for 30 sec, annealing temperature (50 °C for DQA1 and
55 °C for DQB1 and DQBZ2) for 30 sec and 72 °C for 30 seconds (phase 2); 30 cycles of 94 °C
for 30 sec, annealing temperature (48 °C for DQA1 and 52 °C for DQB1 and DQB2)for 30 sec

and 72 °C for 30 seconds (phase 3) and a final extension at 72 °C for 10 minutes. PCR total



reaction volume was 20 pl and included 5.5 pl of ultrapure water, 1 pl of forward primer at 10
uM, 1 ul of reverse primer at 10 uM, 10 ul of Q5 Hot Start High-Fidelity 2X Master Mix (NEB,
Ipswich, MA) and 2.5 ul of DNA at 5Sng/p. For the second (Index) PCR, our total reaction
volume was 25 pl: 4 pl of ultrapure water, 3 pl of Nextera XT Index Primer 1 (Illumina, San
Diego, CA), 3 ul of Nextera XT Index Primer 2 (Illumina, San Diego, CA), 12.5 ul of Q5 Hot
Start High-Fidelity 2X Master Mix (NEB, Ipswich, MA) and 2.5 ul of product from the first
PCR. Index PCR thermocycling conditions were not modified from Illumina protocol. Samples
were labeled with unique index combinations for individual identification.

Products of the indexed PCRs were quantified using fluorometric DNA quantification
using the Qubit dsDNA high-sensitivity assay, diluted to a concentration of 4nM, and pooled
together. We amplified and sequenced all samples in duplicate. Duplicates were amplified in
independent PCRs and sequenced on different sequencing runs. We submitted our libraries for
250 bp pair-end MiSeq Nano 500 sequencing (Illumina, San Diego, CA) at The University of

Michigan Advanced Genomics Core.

MHC genotyping
We filtered out raw sequences that had a phred score lower than 20 using Trimmomatic (Bolger
et al. 2014). We merged pair-end sequences using FLASH (Magoc & Salzberg 2011) keeping
default parameters and filtered sequences based on size (retaining fragments>130 bp) using
PRINSEQ (Schmieder & Edwards 2011) to eliminate sequences that were not within the range of
expected size.

We created an R function to determine preliminary genotypes for each individual at each

locus. This function ranks all the unique reads of a particular locus by frequency in each



individual, eliminates all singletons, trims primers, and calculates the relative frequency of each
unique read to the total number of reads in the individual. Once we determined individual
putative alleles, we identified and eliminated chimeric sequences manually by aligning all
sequences of each locus and evaluating for the distribution of the variable sites in the aligned
sequences. Chimeric sequences were defined as sequences that combined two parental sequences
that were found in high frequency within an individual. We confirmed that all putative alleles
that remained after removing chimeras were MHC-DQ sequences comparing sequence identity
to other published MHC-DQ sequences of closely related taxa using BLAST.

Following the protocol of Sommer et al. 2013 we determined the final genotypes. Briefly,
to call true alleles we i) identified high frequency putative alleles in and individual, ii)
corroborated allele presence in the duplicate, and iii) confirm that the frequency of each potential

true allele sequence was higher than any known artifact (e.g., singletons, chimeras).

Multi-species genome search

The only genome assembly publicly available for Alouatta is a non-annotated assembly for A.
palliata (GenBank accession number: GCA_004027835.1) We used this public assembly and the
A. palliata sequences that we recovered from the three DQ loci to a) determine if the DQ
sequences we obtained could be found in the genome assembly and if so, b) identify the number
of genomic regions (scaffolds) containing MHC-DQ loci. We also searched the Callithrix
jacchus (GenBank assembly accession: GCA_009663435.2) and Aotus nancymaae (GenBank
assembly accession: GCA_000952055.2) genome assemblies for matches to MHC-DQ
sequences and to identify the number of scaffolds containing MHC-DQ sequences, using

published sequences reported for those species (IPD-MHC data base). We performed genome



searches using the blastn function, with default parameters, to located regions with high
sequence similarity. Supplementary material Table 1-S6 includes all GenBank accession

numbers for each MHC-DQ sequence used in our analyses.

Alouatta palliata gene prediction

As the A. palliata genome is not annotated we wanted to identify genes within the scaffolds to
which our MHC-DQ sequences were matched. We used the software AUGUSTUS to predict
genes on contigs that we identified as containing MHC-DQ sequences from the A. palliata
genome. This program is a probabilistic Hidden Markov Model that identifies gene structure by
detecting protein coding regions in a nucleotide sequence (Stanke & Morgensten 2005). Within a
given contig AGUSTUS predicts different genes and outline the gene sequence, including coding

and non-coding sequence fragments.

Phylogenetic analysis

To determine the relatedness of MHC sequences across platyrrhine primates we built maximum
likelihood phylogenetic trees for each MHC-DQ locus (DQA1, DQB1 and DQB2) using the
sequences obtained from the four Alouatta species, using all previously published DQAL and
DQBL1 sequences from C. jacchus and A. nhancymaae and one human consensus sequence for
comparison. Sequences were aligned using the MUSCLE algorithm (Edgar 2004) and alignments
were visually confirmed and edited manually when needed. Using jModelTest (Darriba et al.
2012) we determined the nucleotide substitution model to use in the tree building. The likelihood
score derived from jModelTest supported Jukes-Cantor as the best nucleotide substitution model

for all three loci. We assessed statistical significance using bootstrap analysis (1000 iterations).



Amino acid sequence alignment and conservation
To determine the level of conservation of alleles in each locus across howler monkeys, we used
MEGAX (Stecher et al. 2020) to deduce the amino acid sequences for all alleles across all loci
and reported all variable sites within each locus. We also aligned these sequences to their human
homologue sequence using MUSCLE (Edgar 2004) to infer potential antigen binding sites (ABS)
in our sequences. ABS in Human Leukocyte Antigen (HLA) genes, the human version of the
MHC genes, have been characterized in previous studies for DQA1 and DQB1 (Otting et al.
1992, Kwok et al. 1996, Reche & Reinherz 2003, Siebold et al. 2003, Cocco et al. 2012, Sarri et
al. 2018). We did not assign ABS to DQB?2 as this locus does not code for any portion of the
antigen binding groove (Garrigan and Hendrick 2003).

We used Jalview (Waterhouse et al. 2009) to graphically represent the amino acid
alignments, indicating the degree of conservation at each site based on their physico-chemical

properties (Livingstone and Barton 1993) (Supplementary Materials Figure 1-S4).

Selection analysis

Differences in the levels of genetic variation at a particular locus among species can be attributed
to neutral or selective forces.We used PAMLX (Xu & Yang 2013) to evaluate if selection is
responsible for the genetic variation present in DQA1, DQB1 and DQB2 in platyrrhines (the four
Alouatta species, A. nancymaae and C. jacchus). Testing for selection PAMLX requires a
phylogenetic tree of the sequences to perform the analysis. Phylogenies were built with PAUP
(Swofford 2003) using a likelihood method with a neighbor joining clustering algorithm. We
implemented the Jukes-Cantor model of nucleotide substitution as this model was also

determined by jModelTest (Darriba et al. 2012) as the best model for this dataset. Within



PAMLX we used the program CodeML including site model MO (one-ratio) and M2 (positive
selection) to infer the dN/dS ratio across the gene phylogeny and at each codon, respectively. We
determined sites undergoing positive selection using the Bayes Empirical Bayes (BEB) approach
(Yang et al. 2005), which calculates the probability of each site experiencing positive selection

while accounting for sampling errors.

Results

Genotyping and allele diversity
We successfully amplified and sequenced the three MHC-DQ loci (DQA1 exon 2, DQB1 exon 2
and DQB2 exon 2) in all species of howler monkeys. Our paired-end sequencing raw data
yielded a total of 1,535,165 reads across all individuals (including duplicates). After filtering our
data (based on sequence quality and fragment size), we recovered 550,411 sequences that were
used for allele identification and genotyping. Table 1-1 shows the maximum and minimum
number of reads per individual and for all individuals during each step of the filtering process.

Across the four Alouatta species, DQB1 was the locus that contained the greatest number
of alleles while DQB2 contained the lowest number of alleles. We identified a total of 14, 26,
and 8 unique alleles across the four Alouatta species for DQA1, DQB1 and DQB2, respectively
(Table 1-2A). We were not able to confidently recover alleles for all loci for each individual of
A. palliata from Peru, given the degraded nature of the DNA (extracted from fecal samples).

All DQAL1 alleles had a length of 186 bp and were in the correct reading frame with no
indication of pseudogenization. DQB1 alleles had a length of 247bp and 250bp, consistent with

the human consensus allele, and also had no signatures of pseudogenization. Five DQBL1 alleles
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had a total length of 247 bp, presenting a one codon deletion at codon 55 when compared to the
83 codons of the human allele sequence, but they still were in the correct reading frame. All four
Alouatta species had at least one allele of this size. The remaining 21 DQB1 alleles had a length
of 250bp. For DQB2, all alleles had a length of 247 bp, but the two alleles found in A. caraya,
(alleles 5 and 6), had an early stop codon in the sequence, suggesting pseudogenization. All other
DQB2 alleles from the remaining howler monkey species had no indication of being
pseudogenized.

We observed that, on average, all four Alouatta species have more than two alleles per
locus for DQAL and DQB1, but not for DQB2 (Table 1-3 and Table 1-S7). We use the following
nomenclature for the different putative loci. First, we used the gene name, followed by a dash
and "L#”, where the # indicates the locus number, then another dash and the allele number. For
example, allele number one from the putative first locus of DQAL is named DQA1-L1-1. For
DQB2 the “-L#” portion is omitted as there was no indication of multiple loci. This
nomenclature is used in all analyses throughout this chapter.

We found shared alleles among Alouatta species for all loci. For DQA1, DQA1-L2-2 was
shared between A. palliata and A. caraya, DQA1-L1-3 and DQA1-L1-5 were shared between A.
palliata and A. pigra, and allele DQA1-L1-9 was shared between A. caraya and A. guariba. For
DQBL1, A. palliata and A. pigra share alleles DQB1-L1-1 and DQB1-L2-4, A. pigra and A.
caraya share allele DQB1-L3-8 and A. pigra and A. guariba share allele DQB1-L1-9. For
DQB2, A. palliata from Costa Rica and Peru and A. pigra share DQB2-2, but this allele was not

found in A. palliata individuals from Mexico (Table 1-2B).
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Multiple genome locations for DQAL and DQBL in the Alouatta palliata genome assembly
Based on the sequences we generated, we were able to identify five different scaffolds on the A.
palliata assembly containing MHC-DQ sequences (Figure 1-1). For DQA1, we located two
scaffolds (AloPal_scaffold 8772 and AloPal_scaffold 50203) to which our allele sequences
matched. DQAL-L1-1 and DQA1-L2-2 were perfect matches for sequences within scaffolds
8772 and 50203, respectively. DQA1-L1-3 and DQA1-L1-5 also matched sequences in the 8772
scaffold and DQA1-L2-4 matched sequences in scaffold 50203, although these were not
identical sequences. The multiple alleles that matched to scaffolds 8772 and 50203 aligned to the
same position within their respective scaffold, indicating that they are likely alleles on two
distinct loci.

DQB1 sequences corresponded with sequences in three scaffolds
(AloPal_scaffold 89817, AloPal_scaffold 61825 and AloPal_scaffold 64423). DQB1-L1-1,
DQB1-L2-2 and DQB1-L3-3 were identical to sequences within scaffolds 89817, 64423 and
61825, respectively. DQB1-L2-4 also matched scaffold 64423 and the remaining three alleles
matched to scaffold 61825, although these sequences were not identical to those in the genome
assembly. All alleles found in scaffolds 61825 and 64423 were found in the same position within
each scaffold.

DQB2 sequences matched sequences within theAloPal_scaffold_8772. DQB2-1 was a
perfect match to the sequence within this scaffold, while allele DQB2-2 also aligned to the same
position but had some nucleotide differences compared to the published sequence. Information
on the exact location of each locus on the A. palliata reference genome assembly and the

characteristics of our blast analyses are summarized in Supplementary Materials (Table 1-S8).
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Multiple genome locations also found for DQAL and DQBL1 in Callithrix jacchus and Aotus
nancymaae
Both C. jacchus and A. nancymaae are platyrrhine species that have been investigated at
different MHC genes and have publicly available genomes. C. jacchus has a significantly better-
quality genome assembly (Nso= 98,198,953) when compared to A. nancymaae (Nso= 126,456)
and A. palliata (Nso= 51,304). This results in longer continuous DNA sequence scaffolds. We
identified a single scaffold (length 174,041,770 bp) containing MHC-DQ genes based on the
published C. jacchus DQA1, DQB1 and DQB2 allele sequences (Figure 1-1). A total of eight
previously published DQAL allele sequences matched to two locations in the scaffold. For
DQBL1, eight sequences were also found in two locations of the scaffold. Caja-DQB1*23:03 was
found as a perfect match. For DQB?2 the two alleles aligned to the same location in the scaffold.
We identified a total of five different locations in the C. jacchus genome assembly as containing
MHC-DQ sequences (Supplementary Material, Table 1-S9).

In the A. nancymaae genome assembly we found three scaffolds where published MHC-
DQ allele sequences aligned (Figure 1-1). A total of five DQA1 alleles matched to two scaffolds.
For DQB1, 14 alleles matched to three locations of the genome. For DQB2, sequences of the two
publicly available alleles aligned to one genome location. We identified a total of six different
locations in the A. nancymaae genome assembly as containing MHC-DQ sequences

(Supplementary Material, Table 1-S10).

MHC-DQ genes predicted within the A. palliata genome

We ran AUGUSTUS to predict genes using all the genome scaffolds identified as containing

MHC-DQ sequences. Within each scaffold one to three genes were predicted and characterized
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in terms of sequence, size, position within scaffold and coding regions (Table 1-4). For the
Alouatta palliata genome scaffold 8772, AUGUSTUS predicted three genes. The gene coding
sequences of the first gene contained the sequence of allele DQA1-L1-1. The gene coding
sequence of the second gene contained allele DQB2-1. The third predicted gene did not contain
any of our recovered sequences, but it appears to be a DQA gene based on sequence similarity.
For scaffold 50203 of the Alouatta palliata genome assembly, AUGUSTUS predicted
two genes. The gene coding sequence of the first gene contained the sequence of allele DQAL1-
L2-2, while the second gene did not contain any of our previously identified sequences and the
gene sequence identity did not match any MHC-DQ sequence publicly available on GenBank.
For scaffold 89817, only one gene was predicted and this gene contained the sequence of allele
DQB1-L1-1 in the gene coding sequence. For scaffold 61825 only one gene was predicted and
the gene coding sequence contained the sequence of allele DQB1-L3-3. Lastly, one gene was
predicted for scaffold 64423 and the gene coding sequence contained the sequence of allele

DQB1-L2-2.

Differences in phylogenetic relationships across DQA1, DQB1 and DQB?2 alleles

We built a phylogenetic gene tree for each locus using all platyrrhine sequences available (Figure
1-2). The topology of the DQAL tree (Figure 1-2A) did not match the expected phylogenetic
relationships among the taxa, but instead alleles clustered in a manner consistent with the
putative loci identified with genotype and genome location analyses (see above). The DQAL
gene phylogeny showed four well-supported clades. One clade (Figure 1-2A, Clade A)
containing sequences of all Alouatta species except for A. palliata. A second clade (Figure 1-2A,

Clade B) that was formed by sequences from all six species. This group of sequences is further

14



subdivided in three groups containing C. jacchus sequences, A. nancymaae sequences and all
four Alouatta species sequences, respectively. However, there is only strong support for the C.
jacchus subgroup. The other two well supported clades are the ones containing the more
divergent Caja-DQA1*28 alleles.

The DQBL1 phylogeny contains two well-supported clades (Figure 1-2B). Clade A includes
sequences from all six species. Clade B also contains sequences from all six species but it also
has subgroups with significant statistical support. Subgroup C is comprised exclusively of A.
pigra sequences. Subgroup D contains sequences of all four Alouatta species that presented the
codon deletion at position 55. Lastly, subgroup E is a monophyletic group of C. jacchus
sequences.

In the DQB2 gene tree (Figure 1-2C) all sequences follow the expected phylogenetic
relationships of the three genera, with Alouatta, Aotus and C. jacchus alleles forming

reciprocally monophyletic clades (clades A, B, and C, respectively).

Overall signatures of positive selection in DQBL1 and in specific antigen binding sites in DQA1
and DQB1

Our PAML analyses detected signatures of positive selection in DQB1 across the entire sequence
(dN/dS ratio w= 1.26). The dN/dS ratios for DQA1 (w=0.93) and DQB2 (0w=0.63) are indicative
of neutral and purifying selection, respectively. We also tested for positive selection at individual
amino acid sites in the three loci. In DQAL six out of 62 aminoacid sites showed signatures of
positive selection, from which five are antigen binding sites (ABS). In DQB1, 12 out of 80 sites
were under positive selection, and nine of these are also ABS. Lastly from DQB2 six sites out of

79 showed positive selection (Table 1-5).
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Discussion

We genotyped for the first time MHC-DQ loci in four Alouatta species. Individual genotypes of
these species suggested duplications at MHC-DQA1 and MHC-DQBL1 genes. Different lines of
evidence (genotypes, genome search, gene prediction and phylogenetic analyses) supported at
least one duplication event for DQAL and two duplication events for DQB1 (Figure 1-3).
Additionally, sequences from individuals of two more divergent platyrrhine lineages (Aotus and
Callithrix) indicate these duplications may be present across platyrrhines and constitute a case of
trans-specific polymorphisms, in which polymorphic gene lineages persist through speciation
events. Our analyses support different forms of selection maintaining the diversity of MHC-DQ

in platyrrhines.

Multiple lines of evidence support DQAL and DQB1 duplications in Alouatta palliata

Multiple lines of evidence (genotypes, genome search, gene prediction and phylogenetic
analysis) supported at least one duplication event for DQAL resulting in two different loci and at
least two duplication events in DQBL resulting in three loci, while no evidence suggested a
duplication at DQB2. The first two strong indicators of gene duplication came from our
genotyping data. First, the average number of alleles per individual at both loci, in all four
Alouatta species, was greater than two. Second, all A. palliata individuals from Mexico (N=38)
had the same two alleles at DQA1, suggesting that, in the absence of a duplication event, all 38
individuals would be heterozygous at this locus. This is extremely unlikely, because based on
inheritance laws of diploid individuals we would expect some proportion of these individuals to
be homozygous for either allele. The genome search results supported the duplications at both

loci since one allele from each putative locus aligned with a perfect match to the A. palliata
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genome assembly. Moreover, these putative loci were also supported by phylogenetic analyses
although we presented these results in a multi-species context.

Intrinsic characteristics of our sampling and the genome assembly provided additional
support to our findings. The A. palliata genome assembly is based on an individual from a
Mexican population (Zoonomia Consortium 2020) and A. palliata populations in Mexico have
extremely low genetic diversity compared to other populations that occur at lower latitudes
(Melo-Carrillo et al. 2020). The genome assembly has one of the highest levels of homozygosity
among mammalian species studied to date (Zoonomia Consortium 2020). In fact, all MHC loci
studied here are monomorphic in all A. palliata individuals from Mexico, but no in individual
from Costa Rica of Peru. The low levels of genetic diversity increased the probability that the
MHC-DQ alleles found in the Mexican individuals would also be found in the genome assembly,
as it was the case. It is worth mentioning that A. pigra shared DQA1 and DQB?2 alleles with A,
palliata, but these alleles were only present A. palliata individuals from Costa Rica and Peru.
This indicates that some ancestral variation has been maintained in both species but has been lost
in the Mexican populations of A. palliata, likely due to recent bottleneck events (Melo-Carrillo et
al. 2020).

Furthermore, the seven predicted genes were located in different parts of the genome
assembly (i.e., different scaffolds) and consequently were different in terms of their sequence
identity. From these seven predicted genes, six contained perfect matches of the six A. palliata
alleles that corresponded to different loci. Importantly, these alleles were found in the coding
region of the predicted genes as these were segments of the exons 2 of MHC-DQ genes. Gene
prediction findings are concordant with the genome search results in terms of number of

duplicated loci in DQAL and DQB1. We were able two predict two DQAL genes that contained
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one allele from each DQAL allele group. We also predicted three distinct DQB1 genes
containing one allele from each DQBL allele group.

The new loci designation (two DQAL loci and three DQB1 loci) supported by the
different lines of evidence was also concordant with the initial individual genotypes. Based on
this new-loci designation individuals no longer rendered more than two alleles per locus and
individuals from Mexico (N=38) were homozygous at all five loci. The high level of
homozygosity observed across the genome in this taxon (Melo-Carrillo et al. 2019; Zoonomia

Consortium 2020) is consistent with this lack of variation in MHC.

MHC-DQ duplications extend to other platyrrhines

Although genome assemblies are not available for other Alouatta species besides A. palliata,
there are publicly available genomes for the more distantly related A. nancymaae and C. jacchus.
Results from phylogenetic analyses of all publicly available MHC-DQ alleles in these two
species and genome searches of these alleles in their respective published genomes, also
supported duplications at DQAL and DQBL1.

The DQA1 phylogenetic tree provides support for two different loci in C. jacchus and in
the Alouatta species contained in clade A. The Caja-DQA1*28 alleles are well-supported in two
distinct clades, a strongly supported subgroup within clade B that is monophyletic to C. jacchus
containing all the Caja-DQA1*29 alleles. Also, Caja-DQA1*27:02 is nested within clade B.
Additionally, genome search results in C. jacchus also support at least two loci for DQAL. The
three Alouatta species found in clade A (A. pigra, A. caraya and A. guariba) have also sequences
in the well differentiated clade B, which could be indicative of a duplication. These two clades

indicating two loci are concordant with the genotypes in all three species as no individuals
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present more than two alleles per locus (Supplementary Material Table, 1-S11). The support for
a DQAUI duplication is not as strong for A. palliata based on the phylogenetic tree. The
subgroups containing DQA-L1-alleles and DQA1-L2 alleles show a moderate statistical strength.
We do not observe any indication of duplication based on the tree topology for A. nancymaae.
Yet, DQAL sequences aligned to two locations within the genome.

Loci designation in the DQB1 based on A. palliata analyses was concordant with the
clustering of the different alleles in the phylogenetic analyses. We observed three clades
corresponding to putative loci for the Alouatta species: clade A, clade B and subgroup D. Unlike
DQAZ1, we did find phylogenetic evidence of gene duplication from A. nancymaae. Besides the
22*01 alleles in clade A, other A. nancymaae sequences are found in clade B. Genome search
results for this species also revealed three distinct genome locations for DQB1 genes. C. jacchus
sequences in the phylogeny are found in two clades (A and B). However, genome search
analyses found three distinct locations for DQB1 sequences. There is evidence for a fourth locus
in A. pigra based on subgroup C and the overall allele diversity of DQB1 in A. pigra. We were
unable to fully reconcile the genotyping with precise number of loci for DQBL1 in A. pigra,
particularly for DQB1-L3. We believe there is another duplication in this species but we need
more evidence to confidently support this claim.

The A. palliata results served as the foundation to explore the duplication events in
DQA1 and DQBL in the context of the Alouatta genus and more distantly related platyrrhines.
We found support for two loci in DQAL and three loci in DQBI across all six species. Some
results suggested even more duplication events at DQB1 but we do not have the same depth of

evidence as for A. palliata, in which these extra duplications were not detected, to make such
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claim. However, phylogenetic analyses and genome searches from the different species agree

with the loci designation that derived from A. palliata findings.

Trans-species polymorphism and balancing selection in MHC-DQ

We wanted to evaluate the role of selection in maintaining the observed diversity in MHC-DQ
genes. We were particularly interested in DQAL and DQBL1 not only because of the duplication
events but also because they encode the alpha-1 and beta-1 MHC molecule subunits involved in
antigen recognition.

Phylogenetic trees, in both DQA1 and DQBL1, presented allele grouping that did not
correspond to the species trees. These different groups of sequences that are more closely related
to other sequences found in different species rather than sequences found in the same species are
indicative of ancestral polymorphic gene lineages that were passed from their common ancestors
to modern species, known as trans-species polymorphisms (Klein 1987), and remained in each
species likely due to selective pressures. Constant and strong selection is necessary for genetic
polymorphisms to persist throughout speciation events (Nei & Rooney 2005, Charlesworth
2006). It is not common to find an overall w (dN/dS) > 1, indicating positive selection, across an
entire sequence as not all sites experience selection equally (Hughes & Nei 1988). In the case of
DQB1 we did find an overall w>1 and our analyses showed that 12 amino acid sites underwent
positive selection in this locus. In DQA1 we did not find an overall w>1, but six amino acid sites
were under positive selection. Importantly, a great proportion of these amino acid sites under
positive selection (83% for DQAL and 75% for DQB1) were in the ABS. The maintenance of
polymorphic gene lineages through selection is how balancing selection is defined (Charlesworth

2006, Key et al 2014). MHC genes have been well documented to be under balancing selection
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given their extreme levels of polymorphism that persist through speciation events and their role
in adaptive immunity (Azevedo et al. 2015, Edjsmon & Radwan 2015, Teixeira et al 2015). Our
evidence supports the notion that balancing selection is maintaining the observed diversity in
MHC-DQ genes in platyrrhines as polymorphic gene lineages remain present in long-diverged
species. Other studies in mammals (Bryja et al. 2006, Ballingall et al. 2018, Pagan et al. 2018)
have reported similar findings in which balancing selection appears to be maintaining duplicated
loci beyond speciation events. We believe similar and numerous pathogens interacting with
distantly related species in the neotropics are likely to be imposing the selective pressures behind

this genetic variation.

Concluding remarks

We present for the first-time robust evidence for MHC-DQ duplications in platyrrhine primates
that have likely been maintained through balancing selection. Based on the taxa that were
included in this study MHC-DQ duplications arose at least 20 MY A (Perelman et al. 2011).
More distantly related platyrrhine species need to be characterized at MHC-DQ loci to have a
better time estimate. Future studies could benefit from characterizing longer MHC sequences
(e.g., complete genes) as this may provide greater inference regarding functionality, a key aspect
commonly missing in MHC studies in non-model organisms. In closing, this study provides

novel insight into the evolutionary history of MHC in platyrrhine primates.
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Tables

Table 1-1. Number of reads after each filtering step for all Alouatta samples, including the minimum (Min.) and maximum
(Max.) number of reads per sample, the mean number of reads across all samples, and the total number of reads in all samples.
The total number of samples is 198 as we had duplicates for each individual (N=99 individuals).

Filtering step Min Max Mean Total
Initial number of reads 3,745 46,737 7,486 1,535,165
Quality filter (phred >20) 2,287 45,378 5,602 1,148,810
Merging sequences 2,190 43,610 5,346 1,096,312
Fragment size (>130 bp) 768 29,800 2,684 550,411
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Table 1-2. Allele diversity and shared alleles. A) Number of individuals (N) per species and number of alleles found in each
species per locus. The bottom row shows the total number of unique alleles across all species per locus. B) Pair-wise species
comparison showing the number of alleles that are shared in the following order DQA1\DQB1\DQB?2.

A)
Species N DQA1 DQB1 DQB2
A. palliata 57 5 7 2
A. pigra 38 5 13 3
A. caraya 2 4 6 2
A. guariba 2 4 4 2
Total unique 14 26 8
B)
A. palliata A. pigra A. caraya A. guariba
A. palliata
A. pigra 2\2\1
A. caraya 1\0\O 0\1\0
A. guariba 0\0\O 0\1\0 1\0\O
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Table 1-3. Average number of alleles per individual per locus in four Alouatta species.

Average allele number per locus

N DQA1 DQB1 DQB2
A. palliata 57 2.1 3.1 1.2
A. pigra 38 2.8 4.7 1.6
A. caraya 2 3 4 2
A. guariba 2 2.5 3.5 1
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Table 1-4. Numbers of genes predicted for the four contigs that were identified as containing MHC-DQ genes in the A. palliata genome assembly. We include length of the
scaffold in base pairs. Gene refers to a particular gene that was predicted and start and end positions indicated the spanning of each predicted gene within the scaffold. The last
column contains the allele that was found in each of the predicted genes. If none of the identified MHC-DQ alleles in A. palliata were matched to any gene, we indicated it as NA.

Scaffold ID Scaffold length Gene Start position End position Allele found
AloPal_scaffold_8772 128650 1 10015 16204 DQA1-L1-1
AloPal_scaffold 8772 128650 2 25346 60414 DQB2-1
AloPal_scaffold_8772 128650 3 72533 76878 NA
AloPal_scaffold_50203 30189 1 3657 9043 DQA1-L2-2

AloPal_scaffold_50203 30189 2 22713 25046 NA

AloPal_scaffold_89817 9103 1 1022 7250 DQB1-L1-1
AloPal_scaffold_61825 21639 1 9239 15903 DQB1-1L3-3
AloPal_scaffold_64423 20065 1 9846 12740 DQB1-L2-2
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Table 1-5. Selection in DQAL, DQB1 and DQB2. Tests of selection in the entire gene sequences of each MHC-DQ locus (DQA1, DQB1 and DQB2) analyzed in this study (w =
dN/dS), as well as particular amino acid sites under positive selection within each locus and their posterior probability, based on analyses BEB approach on PAML Antigen
binding sites (ABS) are indicated with an asterisks and the proportion of sites under positive selection that are ABS is given at the bottom.

DQA1 DQB1 DQB2
w=0.93 w=1.26 w =0.63

Site Probability Site Probability Site Probability
22* 0.715 13* 0.982 32 0.985
38 0.998 26* 1 56 0.946
52* 1 29 0.999 59 0.973
53* 0.717 37* 0.997 62 0.864
65* 0.998 56* 0.724 70 0.584
66* 1 57* 1 83 0.55

61* 0.979

70 1

71%* 0.8

75 0.999

85* 1

90* 0.529

ABS proportion 0.83 0.75 N/A
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Figures

Figure 1-1. Putative loci genome position in A) C. jacchus, B) A. nancymaae and C) A. palliata. Loci are positioned in the same order they are found in the genome. All loci are
found in different genome locations. If the loci are joined by a black line this indicates they are found on the same scaffold, scaffold identification number is below the locus name.
Below each locus is a list of the different alleles that aligned to that genome position, if an allele is marked with an asterisk that allele, is a perfect match.
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Figure 1-2. Phylogenetic relationships of MHC-DQ alleles for A) DQA1, B) DQB1, and C) DQB2. Variable aligned amino acid sites across species are shown to the right of each
allele sequence in the tree. Phylogenetic trees include bootstrap values at each branch, branches with no bootstrap value had a value lower than 0.50. Informational clusters were
designated at the base of the node with a black circle and a white letter. Sequence names are embedded in colored rectangles representing each species, double-colored rectangles
indicate shared alleles. C. jacchus = maroon, A. nancymaae = green, A. palliata = blue, A. pigra =red, A. caraya = gold and A. guariba = purple, also explained in the legend
below the image. Amino acid alignments show only the variable sites where dots indicate conservation of the site compared to the reference human sequence. Top row shows the
amino acid position and black triangles indicate antigen binding sites. For A) DQAL, alleles belonging to the DQA1-L1 locus are highlighted within the blue box and alleles
belonging to the DQA1-L2 locus are highlighted within the yellow box. For B) DQBL, alleles belonging to the DQB1-L1 locus are highlighted within the blue box, alleles
belonging to the DQA1-L2 locus are highlighted within the yellow box and alleles belonging to the DQB1-L3 locus are highlighted within the red box.
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Figure 1-3. Schematic representation of different lines of evidence supporting gene duplication at MHC-DQA1 and MHC-DQBL1.
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Supplementary Materials

Table 1-S6. Aotus nancymaae and Callithrix jacchus MHC-DQ sequences. This table contains a list of all the MHC-DQ sequences publicly available from these two species that
were used in our study. We provide the accession number and the allele name based on the IPD-MHC nomenclature.

Allele Gene Species Accession number
Aona-DQA1*27:01 DQA1 Aotus nancymaae NHPO00001
Aona-DQA1*27:02 DQA1 Aotus nancymaae NHP00002
Aona-DQA1*27:03 DQA1l Aotus nancymaae NHP00003
Aona-DQA1*27:04 DQA1 Aotus nancymaae NHP00004
Aona-DQA1*27:05 DQA1 Aotus nancymaae NHP00005
Caja-DQA1*01:01 DQA1 Callithrix jacchus NHP00085
Caja-DQA1*27:01 DQA1 Callithrix jacchus NHP00086

Caja-DQA1*28:01:01 DQA1 Callithrix jacchus NHP10384
Caja-DQA1*28:01:02 DQA1 Callithrix jacchus NHP10385
Caja-DQA1*28:02 DQA1 Callithrix jacchus NHP10386
Caja-DQA1*29:01:01 DQA1 Callithrix jacchus NHP10387
Caja-DQA1*29:01:02 DQA1 Callithrix jacchus NHP10388
Caja-DQA1*28:03 DQA1 Callithrix jacchus NHP10389
Caja-DQA1*29:02 DQA1 Callithrix jacchus NHP10390
Aona-DQB1%*22:01:01 DQB1 Aotus nancymaae NHP00006
Aona-DQB1%*22:01:02 DQB1 Aotus nancymaae NHP00007
Aona-DQB1*23:01 DQB1 Aotus nancymaae NHP00008
Aona-DQB1*23:02 DQB1 Aotus nancymaae NHP00009
Aona-DQB1%*23:03 DQB1 Aotus nancymaae NHP00010
Aona-DQB1*23:04 DQB1 Aotus nancymaae NHP00011
Aona-DQB1*23:05 DQB1 Aotus nancymaae NHP00012
Aona-DQB1*23:06 DQB1 Aotus nancymaae NHP00013
Aona-DQB1*23:07 DQB1 Aotus nancymaae NHP00014
Aona-DQB1%*23:08 DQB1 Aotus nancymaae NHP00015
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Aona-DQB1%*23:09 DQB1 Aotus nancymaae NHP00016
Aona-DQB1*23:10 DQB1 Aotus nancymaae NHP00017
Aona-DQB1*23:11 DQB1 Aotus nancymaae NHP00018
Aona-DQB1%*23:12 DQB1 Aotus nancymaae NHP00019
Caja-DQB1*22:01:01 DQB1 Callithrix jacchus NHP00087
Caja-DQB1*22:01:02 DQB1 Callithrix jacchus NHP00088
Caja-DQB1*23:01 DQB1 Callithrix jacchus NHPO00089
Caja-DQB1*23:02 DQB1 Callithrix jacchus NHP00090
Caja-DQB1*23:03 DQB1 Callithrix jacchus NHP10391
Caja-DQB1*23:04 DQB1 Callithrix jacchus NHP10392
Aona-DQB2*01:01 DQB2 Aotus nancymaae NHP00020
Aona-DQB2*01:02 DQB2 Aotus nancymaae NHP00021
Caja-DQB2*01:01 DQB2 Callithrix jacchus NHP00091
Caja-DQB2*01:02 DQB2 Callithrix jacchus NHP00092
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Table 1-S7. Individual Genotypes. List of alleles identified per individual across four Alouatta species at each locus. A) DQA1, B) DQB1 and C) DQB2. N/A = not amplified.

A) DQA1
Species Individual ID Alleles

. palliata S-001 DQA1-11-1 DQA1-L2-2
. palliata S-002 DQA1-11-1 DQA1-L2-2
. palliata S-003 DQA1-11-1 DQA1-L2-2
. palliata S-004 DQA1-L1-1 DQA1-L2-2
. palliata S-005 DQA1-11-1 DQA1-L2-2
. palliata S-087 DQA1-L1-1 DQA1-L2-2
. palliata S-088 DQA1-L1-1 DQA1-L2-2
. palliata S-089 DQA1-11-1 DQA1-L2-2
. palliata S-090 DQA1-11-1 DQA1-L2-2
. palliata S-091 DQA1-11-1 DQA1-L2-2
. palliata S-092 DQA1-L1-1 DQA1-L2-2
. palliata S-143 DQA1-11-1 DQA1-L2-2
. palliata S-144 DQA1-L1-1 DQA1-L2-2
. palliata S-145 DQA1-L1-1 DQA1-L2-2
. palliata S-146 DQA1-L1-1 DQA1-L2-2
. palliata S-147 DQA1-L1-1 DQA1-L2-2
. palliata S-172 DQA1-11-1 DQA1-L2-2
. palliata S-173 DQA1-11-1 DQA1-L2-2
. palliata S-174 DQA1-11-1 DQA1-L2-2
. palliata S-175 DQA1-11-1 DQA1-L2-2
. palliata S-176 DQA1-11-1 DQA1-L2-2
. palliata S-204 DQA1-11-1 DQA1-L2-2
. palliata S-205 DQA1-L1-1 DQA1-L2-2
. palliata S-206 DQA1-L1-1 DQA1-L2-2
. palliata S-207 DQA1-L1-1 DQA1-L2-2
. palliata S-208 DQA1-11-1 DQA1-L2-2
. palliata S-209 DQA1-11-1 DQA1-L2-2
. palliata S-608 DQA1-11-1 DQA1-L2-2
. palliata S-609 DQA1-L1-1 DQA1-L2-2
. palliata S-610 DQA1-11-1 DQA1-L2-2
. palliata S-611 DQA1-L1-1 DQA1-L2-2
. palliata S-612 DQA1-L1-1 DQA1-L2-2
. palliata S-613 DQA1-11-1 DQA1-L2-2

> > >>> > > > > > > >>>>>>>>>>>>>>>>>>>>> >
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A. palliata S-614 DQA1-L1-1 DQA1-L2-2

A. palliata S-615 DQA1-L1-1 DQA1-12-2

A. palliata S-617 DQA1-L1-1 DQA1-12-2

A. palliata S-618 DQA1-11-1 DQA1-L2-2

A. palliata S-030 DQA1-L1-1 DQA1-12-2

A. palliata S-031 DQA1-L1-1 DQA1-12-2 DQA1-12-4

A. palliata S-032 DQA1-L1-1 DQA1-12-4 DQA1-L1-5

A. palliata $-033 DQA1-L1-1 DQA1-L2-2

A. palliata S-034 DQA1-L1-1 DQA1-L2-4 DQA1-L1-5

A. palliata $-035 DQA1-L1-1 DQA1-12-2 DQA1-L2-4

A. palliata S-036 DQA1-L1-1 DQA1-12-2 DQA1-12-4

A. palliata $-037 DQA1-11-1 DQA1-12-2 DQA1-12-4

A. palliata 5-038 DQA1-L1-1 DQA1-12-2 DQA1-L1-5

A. palliata 5-039 DQA1-L1-1 DQA1-12-2 DQA1-12-4

A. palliata Peru-A2 DQA1-L1-1 DQA1-12-2 DQA1-11-3

A. palliata Peru-Ad4 DQA1-11-1 DQA1-11-3

A. palliata Peru-A5 DQA1-L1-1

A. palliata Peru-A10 DQA1-11-3

A. palliata Peru-Al6 DQA1-L1-1 DQA1-L1-3

A. palliata Peru-G1 NA

A. palliata Peru-G5 DQA1-11-3

A. palliata Peru-G6 DQA1-11-3

A. palliata Peru-G11 DQA1-12-2 DQA1-11-3

A. palliata Peru-G24 DQA1-L1-1 DQA1-12-2 DQA1-L1-3
A. pigra S-149 DQA1-11-3 DQA1-L1-5 DQA1-12-7 DQA1-12-8
A. pigra S-150 DQA1-L1-3 DQA1-L2-6
A. pigra $-151 DQA1-L1-3 DQA1-12-6
A. pigra $-153 DQA1-11-3 DQA1-L1-5 DQA1-12-6 DQA1-12-7
A. pigra S-185 DQA1-L1-3 DQA1-12-6 DQA1-12-8
A. pigra S-186 DQA1-L1-3 DQA1-L2-6
A. pigra 5-187 DQA1-11-3 DQA1-12-6 DQA1-12-8
A. pigra S-188 DQA1-11-3 DQA1-L1-5 DQA1-12-6 DQA1-12-7
A. pigra $-189 DQA1-11-3 DQA1-L1-5 DQA1-12-6 DQA1-12-7
A. pigra $-190 DQA1-11-3 DQA1-L1-5 DQA1-12-6 DQA1-12-7
A. pigra $-191 DQA1-11-3 DQA1-L1-5 DQA1-12-7
A. pigra $-193 DQA1-11-3 DQA1-L1-5 DQA1-12-7
A. pigra $-194 DQA1-11-3 DQA1-L1-5 DQA1-12-6 DQA1-12-7
A. pigra $-195 DQA1-11-3 DQA1-12-6



A. pigra S-196 DQA1-L1-3 DQA1-L1-5 DQA1-L2-7
A. pigra 5-219 DQA1-L1-3 DQA1-12-8
A. pigra S-222 DQA1-L1-3 DQA1-L2-6
A. pigra 5-224 DQA1-L1-3 DQA1-L2-6
A. pigra S-225 DQA1-L1-3 DQA1-L1-5 DQA1-L2-7 DQA1-L2-8
A. pigra S-227 DQA1-L1-3 DQA1-L2-6
A. pigra S-228 DQA1-L1-3 DQA1-L1-5 DQA1-L2-6 DQA1-L2-7
A. pigra S-229 DQA1-L1-3 DQA1-L2-6 DQA1-L2-8
A. pigra S-234 DQA1-L1-3 DQA1-L2-6 DQA1-L2-8
A. pigra S-242 DQA1-L1-3 DQA1-12-8
A. pigra S-248 DQA1-L1-3 DQA1-L1-5 DQA1-L2-6 DQA1-L2-7
A. pigra S-279 DQA1-L1-3 DQA1-L2-6 DQA1-L2-8
A. pigra 5-289 DQA1-L1-3 DQA1-12-8
A. pigra S-490 DQA1-L1-3 DQA1-L1-5 DQA1-L2-6 DQA1-L2-7
A. pigra S-491 DQA1-L1-3 DQA1-L2-8
A. pigra S-494 DQA1-L1-3 DQA1-L2-6
A. pigra S-504 DQA1-L1-3 DQA1-L2-6
A. pigra S-505 DQA1-L1-3 DQA1-12-6
A. pigra 5-507 DQA1-L1-3 DQA1-12-6
A. pigra S-508 DQA1-L1-3 DQA1-L2-6
A. pigra $-509 DQA1-11-3 DQA1-12-6
A. pigra $-510 DQA1-11-3 DQA1-12-6
A. pigra S-511 DQA1-L1-3 DQA1-L2-6 DQA1-L2-7
A. pigra S-526 DQA1-L1-3 DQA1-L2-6 DQA1-L2-8
A. caraya H1 DQA1-L1-9 DQA1-L1-10 DQA1-L2-2
A. caraya 21C DQA1-L1-9 DQA1-L1-10 DQA1-12-11
A. guariba 109 DQA1-L1-9 DQA1-L2-12
A. guariba 89 DQA1-L1-9 DQA1-L2-14 DQA1-12-13




B) DQB1

Species Individual ID Alleles
A. palliata S-001 DQB1-L1-1 DQB1-L2-2 DQB1-13-3
A. palliata S-002 DQB1-L1-1 DQB1-L2-2 DQB1-L3-3
A. palliata S-003 DQB1-L1-1 DQB1-L2-2 DQB1-L3-3
A. palliata S-004 DQB1-L1-1 DQB1-L2-2 DQB1-L3-3
A. palliata S-005 DQB1-L1-1 DQB1-L2-2 DQB1-13-3
A. palliata S-087 DQB1-L1-1 DQB1-L2-2 DQB1-13-3
A. palliata S-088 DQB1-L1-1 DQB1-L2-2 DQB1-13-3
A. palliata S-089 DQB1-L1-1 DQB1-L2-2 DQB1-13-3
A. palliata S-090 DQB1-L1-1 DQB1-L2-2 DQB1-13-3
A. palliata S-091 DQB1-L1-1 DQB1-L2-2 DQB1-13-3
A. palliata S-092 DQB1-L1-1 DQB1-L2-2 DQB1-13-3
A. palliata S-143 DQB1-L1-1 DQB1-L2-2 DQB1-13-3
A. palliata S-144 DQB1-L1-1 DQB1-L2-2 DQB1-13-3
A. palliata S-145 DQB1-L1-1 DQB1-L2-2 DQB1-L3-3
A. palliata S-146 DQB1-L1-1 DQB1-L2-2 DQB1-L3-3
A. palliata S-147 DQB1-L1-1 DQB1-L2-2 DQB1-13-3
A. palliata S-172 DQB1-L1-1 DQB1-L2-2 DQB1-1L3-3
A. palliata S-173 DQB1-L1-1 DQB1-L2-2 DQB1-13-3
A. palliata S-174 DQB1-L1-1 DQB1-L2-2 DQB1-L3-3
A. palliata S-175 DQB1-L1-1 DQB1-L2-2 DQB1-L3-3
A. palliata S-176 DQB1-L1-1 DQB1-L2-2 DQB1-13-3
A. palliata S-204 DQB1-L1-1 DQB1-L2-2 DQB1-L3-3
A. palliata S-205 DQB1-L1-1 DQB1-L2-2 DQB1-L3-3
A. palliata S-206 DQB1-L1-1 DQB1-L2-2 DQB1-L3-3
A. palliata S-207 DQB1-L1-1 DQB1-L2-2 DQB1-L3-3
A. palliata S-208 DQB1-L1-1 DQB1-L2-2 DQB1-L3-3
A. palliata S-209 DQB1-L1-1 DQB1-L2-2 DQB1-L3-3
A. palliata S-608 DQB1-L1-1 DQB1-L2-2 DQB1-L3-3
A. palliata S-609 DQB1-L1-1 DQB1-L2-2 DQB1-13-3
A. palliata S-610 DQB1-L1-1 DQB1-L2-2 DQB1-13-3
A. palliata S-611 DQB1-L1-1 DQB1-L2-2 DQB1-13-3
A. palliata S-612 DQB1-L1-1 DQB1-L2-2 DQB1-13-3
A. palliata S-613 DQB1-L1-1 DQB1-L2-2 DQB1-13-3
A. palliata S-614 DQB1-L1-1 DQB1-L2-2 DQB1-13-3
A. palliata S-615 DQB1-L1-1 DQB1-L2-2 DQB1-13-3
A. palliata S-617 DQB1-L1-1 DQB1-L2-2 DQB1-L3-3
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A. palliata S-618 DQB1-L1-1 DQB1-L2-2 DQB1-L3-3

A. palliata S-030 DQB1-L1-1 DQB1-L2-2 DQB1-L3-5

A. palliata S-031 DQB1-L1-1 DQB1-L2-2 DQB1-13-3 DQB1-1L2-4 DQB1-13-7

A. palliata S-032 DQB1-L1-1 DQB1-L3-3 DQB1-L2-4 DQB1-13-7

A. palliata S-033 DQB1-L1-1 DQB1-L2-2 DQB1-1L3-3

A. palliata S-034 DQB1-L1-1 DQB1-L3-3 DQB1-L2-4 DQB1-L3-7

A. palliata S-035 DQB1-L1-1 DQB1-L2-2 DQB1-L2-4 DQB1-L3-7

A. palliata S-036 DQB1-L1-1 DQB1-L2-2 DQB1-L2-4 DQB1-1L3-7

A. palliata S-037 DQB1-L1-1 DQB1-L2-2 DQB1-L3-3 DQB1-L2-4

A. palliata S-038 DQB1-L1-1 DQB1-L2-2 DQB1-L3-3

A. palliata S-039 DQB1-L1-1 DQB1-L2-2 DQB1-L3-3 DQB1-1L2-4 DQB1-L3-7

A. palliata Peru-A2 DQB1-L1-1 DQB1-L2-2 DQB1-L3-6

A. palliata Peru-A4 DQB1-L1-1 DQB1-L2-2

A. palliata Peru-A5 DQB1-L1-1 DQB1-L2-2 DQB1-L3-6

A. palliata Peru-A10 DQB1-L1-1 DQB1-L2-2 DQB1-L3-6

A. palliata Peru-A16 DQB1-L3-6

A. palliata Peru-G1 DQB1-L1-1 DQB1-L2-2 DQB1-13-6

A. palliata Peru-G5 DQB1-L3-6

A. palliata Peru-G6 DQB1-L1-1 DQB1-L2-2 DQB1-13-6

A. palliata Peru-G11 DQB1-L1-1 DQB1-L2-2 DQB1-13-6

A. palliata Peru-G24 DQB1-L1-1 DQB1-L2-2 DQB1-L3-6
A. pigra S-149 DQB1-L1-1 DQB1-L2-4 DQB1-L1-9 DQB1-L2-12 DQB1-13-18
A. pigra S-150 DQB1-L3-8 DQB1-L3-10 DQB1-11-11
A. pigra S-151 DQB1-L3-8 DQB1-L1-9 DQB1-13-10 DQB1-11-11
A. pigra S-153 DQB1-L1-1 DQB1-L2-4 DQB1-L1-9 DQB1-L3-8 DQB1-L3-10
A. pigra S-185 DQB1-L3-8 DQB1-L1-9 DQB1-13-10 DQB1-L2-12 DQB1-13-18
A. pigra S-186 DQB1-L3-8 DQB1-L1-9 DQB1-13-10 DQB1-L1-11
A. pigra S-187 DQB1-L3-8 DQB1-L1-9 DQB1-L3-10 DQB1-L2-12 DQB1-13-18
A. pigra S-188 DQB1-L1-1 DQB1-L2-4 DQB1-13-8 DQB1-L1-9 DQB1-L3-10
A. pigra S$-189 DQB1-L1-1 DQB1-L2-4 DQB1-L3-8 DQB1-L3-10 DQB1-L1-11
A. pigra S-190 DQB1-L1-1 DQB1-L2-4 DQB1-L3-8 DQB1-L3-10 DQB1-L1-11
A. pigra S$-191 DQB1-L1-1 DQB1-L2-4 DQB1-L1-11 DQB1-13-13 DQB1-L3-15
A. pigra S-193 DQB1-L1-1 DQB1-L2-4 DQB1-L1-9 DQB1-L3-17
A. pigra S-194 DQB1-L1-1 DQB1-L2-4 DQB1-13-8 DQB1-L3-10 DQB1-L1-11
A. pigra S-195 DQB1-L3-8 DQB1-L1-9 DQB1-L3-10 DQB1-L1-11 DQB1-L3-17
A. pigra S-196 DQB1-L2-4 DQB1-L1-9 DQB1-13-17
A. pigra S-219 DQB1-L1-9 DQB1-12-12 DQB1-13-13 DQB1-13-16 DQB1-1L3-18
A. pigra S-222 DQB1-L1-9 DQB1-13-10 DQB1-11-11 DQB1-13-13 DQB1-13-15



A. pigra S-224 DQB1-12-4 DQB1-13-8 DQB1-L1-9 DQB1-13-10 DQB1-13-18
A. pigra S-225 DQB1-L1-1 DQB1-L1-9 DQB1-12-12 DQB1-13-18
A. pigra S-227 DQB1-13-8 DQB1-L1-9 DQB1-13-10 DQB1-11-11
A. pigra S-228 DQB1-L1-1 DQB1-12-4 DQB1-13-8 DQB1-13-10 DQB1-11-11
A. pigra S-229 DQB1-13-8 DQB1-L1-9 DQB1-13-10 DQB1-L1-11 DQB1-L2-12 DQB1-13-18
A. pigra S-234 DQB1-13-8 DQB1-L1-9 DQB1-13-10 DQB1-L1-11 DQB1-12-12 DQB1-13-18
A. pigra S-242 DQB1-L1-9 DQB1-12-12 DQB1-13-13 DQB1-13-15 DQB1-13-18
A. pigra S-248 DQB1-L1-1 DQB1-12-4 DQB1-13-8 DQB1-L1-9 DQB1-13-10
A. pigra S-279 DQB1-13-8 DQB1-L1-9 DQB1-13-10 DQB1-12-12 DQB1-13-18
A. pigra S-289 DQB1-L1-11 DQB1-12-12 DQB1-13-13 DQB1-13-15 DQB1-13-18
A. pigra S-490 DQB1-L1-1 DQB1-12-4 DQB1-13-8 DQB1-1L1-9 DQB1-13-10
A. pigra S-491 DQB1-L1-9 DQB1-L1-11 DQB1-12-12 DQB1-13-18
A. pigra S-494 DQB1-13-8 DQB1-L1-9 DQB1-13-10 DQB1-11-11
A. pigra S-504 DQB1-13-8 DQB1-L1-9 DQB1-11-11 DQB1-13-13 DQB1-13-15 DQB1-13-16
A. pigra S-505 DQB1-13-8 DQB1-L1-9 DQB1-13-10 DQB1-13-16
A. pigra S-507 DQB1-11-11 DQB1-13-13 DQB1-13-15
A. pigra S-508 DQB1-13-8 DQB1-13-10 DQB1-11-11 DQB1-13-13 DQB1-13-15
A. pigra S-509 DQB1-13-8 DQB1-13-10 DQB1-L1-11 DQB1-13-18
A. pigra S-510 DQB1-13-8 DQB1-L1-9 DQB1-13-10 DQB1-11-11 DQB1-13-13 DQB1-13-15
A. pigra S-511 DQB1-12-4 DQB1-13-8 DQB1-L1-9 DQB1-13-10 DQB1-L1-11
A. pigra S-526 DQB1-13-8 DQB1-L1-9 DQB1-13-10 DQB1-L1-11 DQB1-12-12 DQB1-13-18
A. caraya H1 DQB1-11-19 DQB1-11-20 DQB1-13-21 DQB1-12-22
A. caraya 21C DQB1-13-24 DQB1-11-19 DQB1-11-23 DQB1-13-8
A. guariba 109 DQB1-L1-9 DQB1-L2-26 DQB1-13-25
A. guariba 89 DQB1-L1-9 DQB1-13-27 DQB1-12-26 DQB1-13-25
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C) DQB2

Species Individual ID Alleles
A. palliata S-001 DQB2-1
A. palliata S-002 DQB2-1
A. palliata S-003 DQB2-1
A. palliata S-004 DQB2-1
A. palliata S-005 DQB2-1
A. palliata S-087 DQB2-1
A. palliata S-088 DQB2-1
A. palliata S-089 DQB2-1
A. palliata S-090 DQB2-1
A. palliata S-091 DQB2-1
A. palliata S-092 DQB2-1
A. palliata S-143 DQB2-1
A. palliata S-144 DQB2-1
A. palliata S-145 DQB2-1
A. palliata S-146 DQB2-1
A. palliata S-147 DQB2-1
A. palliata S-172 DQB2-1
A. palliata S-173 DQB2-1
A. palliata S-174 DQB2-1
A. palliata S-175 DQB2-1
A. palliata S-176 DQB2-1
A. palliata S-204 DQB2-1
A. palliata S-205 DQB2-1
A. palliata S-206 DQB2-1
A. palliata S-207 DQB2-1
A. palliata S-208 DQB2-1
A. palliata S-209 DQB2-1
A. palliata S-608 DQB2-1
A. palliata S-609 DQB2-1
A. palliata S-610 DQB2-1
A. palliata S-611 DQB2-1
A. palliata S-612 DQB2-1
A. palliata S-613 DQB2-1
A. palliata S-614 DQB2-1
A. palliata S-615 DQB2-1
A. palliata S-617 DQB2-1
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A. palliata S-618 DQB2-1
A. palliata S-030 DQB2-2
A. palliata S-031 DQB2-1
A. palliata S-032 DQB2-1 DQB2-2
A. palliata S-033 DQB2-1
A. palliata S-034 DQB2-1 DQB2-2
A. palliata S-035 DQB2-1
A. palliata S-036 DQB2-1
A. palliata S-037 DQB2-1
A. palliata S-038 DQB2-1
A. palliata S-039 DQB2-1
A. palliata Peru-A2 DQB2-2
A. palliata Peru-A4 DQB2-2
A. palliata Peru-A5 DQB2-1 DQB2-2
A. palliata Peru-A10 DQB2-2
A. palliata Peru-A16
A. palliata Peru-G1 DQB2-1 DQB2-2
A. palliata Peru-G5 DQB2-2
A. palliata Peru-G6 DQB2-1 DQB2-2
A. palliata Peru-G11 DQB2-1 DQB2-2
A. palliata Peru-G24 DQB2-2
A. pigra S-149 DQB2-2 DQB2-3
A. pigra S-150 DQB2-3
A. pigra S-151 DQB2-3
A. pigra S-153 DQB2-2 DQB2-3
A. pigra S-185 DQB2-3
A. pigra S-186 DQB2-3
A. pigra S-187 DQB2-3
A. pigra S-188 DQB2-2 DQB2-3
A. pigra S-189 DQB2-2 DQB2-3
A. pigra S-190 DQB2-2 DQB2-3
A. pigra S-191 DQB2-2 DQB2-4
A. pigra S-193 DQB2-2 DQB2-3
A. pigra S-194 DQB2-2 DQB2-3
A. pigra S-195 DQB2-3
A. pigra S-196 DQB2-2 DQB2-3
A. pigra S-219 DQB2-3
A. pigra S-222 DQB2-3



A. pigra S-224 DQB2-3
A. pigra S-225 DQB2-2 DQB2-3
A. pigra S-227 DQB2-3
A. pigra S-228 DQB2-2 DQB2-3
A. pigra S-229 DQB2-3
A. pigra S-234 DQB2-3
A. pigra S-242 DQB2-3
A. pigra S-248 DQB2-2 DQB2-3
A. pigra S-279 DQB2-3
A. pigra S-289 DQB2-3 DQB2-4
A. pigra S-490 DQB2-2 DQB2-3
A. pigra S-491 DQB2-3
A. pigra S-494 DQB2-3
A. pigra S-504 DQB2-3 DQB2-4
A. pigra S-505 DQB2-3
A. pigra S-507 DQB2-4
A. pigra S-508 DQB2-4
A. pigra S-509 DQB2-4
A. pigra S-510 DQB2-3 DQB2-4
A. pigra S-511 DQB2-3
A. pigra S-526 DQB2-3
A. caraya H1 DQB2-5 DQB2-6
A. caraya 21C DQB2-5 DQB2-6
A. guariba 109 DQB2-7
A. guariba 89 DQB2-8
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Table 1-S8. Alouatta palliata genome search. Blastn search results are shown for each allele that matched the A. palliata in the genome assembly. We include the name and length
of the scaffold that each allele matched to, as well as the start and end position of the sequence within that scaffold. We also report the percent of the allele sequence that aligned to
the genome (query cover) and the similarity (i.e., how many characters in each sequence are identical) of the allele sequence to the sequence in the assembly (percent identity). We
also report E-values to provide a quantitative estimate of the quality of the match, the lower the value the better the match. Rows that are colored in light grey represent perfect
matches.

Start End Query
Locus Allele Scaffold Contig length (bp) position position cover Percent identity E-value Accession
DQA1 DQA1-L1-1 AloPal_scaffold_8772 128650 11269 11454 100% 100% 9.00E-93 PVKV010004392.1
DQA1 DQA1-11-3 AloPal_scaffold_8772 128650 11269 11454 100% 99.46% 4.00E-91 PVKV010004392.1
DQA1 DQA1-L1-5 AloPal_scaffold_8772 128650 11269 11454 100% 99.46% 4.00E-91 PVKV010004392.1
DQA1 DQA1-L2-2 AloPal_scaffold_50203 30189 4904 5089 100% 100% 9.00E-93 PVKV010025127.1
DQA1 DQA1-12-4 AloPal_scaffold_50203 30189 4904 5089 100% 98.92% 2.00E-89 PVKV010025127.1
DQB1 DQB1-L1-1 AloPal_scaffold_89817 9103 5475 5724 100% 100% 3.00E-128 PVKV010044961.1
DQB1 DQB1-13-3 AloPal_scaffold_61825 21639 14092 14341 100% 100% 3.00E-128 PVKV010030942.1
DQB1 DQB1-L3-7 AloPal_scaffold_61825 21639 14092 14341 100% 99.20% 7.00E-125 PVKV010030942.1
DQB1 DQB1-L3-6 AloPal_scaffold_61825 21639 14092 14341 100% 97.20% 2.00E-116 PVKV010030942.1
DQB1 DQB1-L3-5 AloPal_scaffold_61825 21639 14092 14341 100% 96.40% 3.00E-113 PVKV010030942.1
DQB1 DQB1-L2-2 AloPal_scaffold_64423 20065 10916 11162 100% 100% 1.00E-126 PVKV010032242.1
DQB1 DQB1-L2-4 AloPal_scaffold_64423 20065 10916 11162 100% 99.60% 7.00E-125 PVKV010032242.1
DQB2 DQB2-2 AloPal_scaffold_8772 128650 57006 57252 100% 100% 1.00E-126 PVKV010004392.1
DQB2 DQB2-8 AloPal_scaffold_8772 128650 57006 57252 100% 99.60% 7.00E-125 PVKV010004392.1
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Table 1-S9. Callithrix jacchus genome search. Blastn search results are shown for each publicly available allele for C. jacchus in the genome assembly. We include the name and
length of the scaffold that each allele was matched to, and the start and end position of the sequence within that scaffold. We also report the percent of the allele sequence that
aligned to the genome (query cover) and the similarity (i.e., how many characters in each sequence are identical) of the allele sequence to the sequence in the assembly (percent
identity) We also reported E-values to provide a quantitative estimate of the quality of the match, the lower the value the better the match. Rows that are colored in light grey
represent perfect matches.

Contig Start End Percent

Locus Allele Contig Length position position Query Length identity E value Accession

DQA1 DQA1*27:01 ¢j1700 174,041,770 37733179 37733477 100 97.232 2.23E-144 NC_048386.1
DQA1 DQA1*28:01:01 ¢j1700 174,041,770 36889854 36890142 100 99.308 4.72E-146 NC_048386.1
DQA1 DQA1*28:01:02 ¢j1700 174,041,770 36889854 36890142 100 99.308 4.72E-146 NC_048386.1
DQA1 DQA1*28:02 cj1700 174,041,770 36889854 36890142 100 99.308 4.72E-146 NC_048386.1
DQA1 DQA1*29:01:01 ¢j1700 174,041,770 36889854 36890142 100 98.616 1.04E-142 NC_048386.1
DQA1 DQA1*29:01:02 cj1700 174,041,770 36889854 36890142 100 99.308 4.80E-146 NC_048386.1
DQA1 DQA1*28:03 cj1700 174,041,770 36889854 36890142 100 97.578 1.03E-137 NC_048386.1
DQA1 DQA1*29:02 ¢j1700 174,041,770 36889854 36890142 100 98.616 1.04E-142 NC_048386.1
DQA1 DQA1*29:02 cj1700 174,041,770 36889854 36890142 100 96.54 1.05E-132 NC_048386.1
DQB1 DQB1%*22:01:01 cj1700 174,041,770 37750930 37750684 100 98.785 5.20E-121 NC_048386.1
DQB1 DQB1%*23:01 ¢j1700 174,041,770 36905041 36904757 100 98.947 3.70E-142 NC_048386.1
DQB1 DQB1%*23:02 ¢j1700 174,041,770 36907816 36907570 100 99.19 1.12E-122 NC_048386.1
DQB1 DQB1*23:03 ¢j1700 174,041,770 36905041 36904757 100 100 3.67E-147 NC_048386.1
DQB2 DQB2*01:01 ¢j1700 174,041,770 37691149 37690907 100 98.354 1.11E-117 NC_048386.1
DQB2 DQB2*01:02 ¢j1700 174,041,770 37691149 37690907 100 98.765 2.38E-119 NC_048386.1
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Table 1-S10. Aotus nancymaae genome search. Blastn search results are shown for each publicly available allele for A. nancymaae in the genome assembly. We include the contig
that each allele was matched to and the length of this contig. The start and end position of the sequence within that contig. What percent of the allele sequence was aligned to the
genome (query cover) and the percent identity between the allele and the sequence it was matched to in the genome. We also reported E-values to provide a quantitative estimate of

the quality of the match, the lower the value the better the match.

Contig Start End Percent identity

Locus Allele Contig length position position Query cover % E value Accession

DQA1 DQA1*27:01 601.0 446445 26979 26754 100 93.81 1.00E-91 NW_018508875.1
DQA1 DQA1*27:02 601.0 446445 26979 26754 100 92.92 3.00E-88 NW_018508875.1
DQA1 DQA1*27:03 601.0 446445 26979 26754 98 100 1.00E-112 NW_018508875.1
DQA1 DQA1*27:04 358.84 14324 2204 1979 100 94.27 3.00E-93 NW_018508875.1
DQA1 DQA1*27:05 601.0 446445 26979 26754 100 94.69 6.00E-95 NW_018508875.1
DQB1 DQB1%*22:01:01 46.78 581944 187240 186999 100 99.174 1.81E-120 NW_018506613.1
DQB1 DQB1%*22:01:02 46.78 581944 187240 186999 100 99.587 3.89E-122 NW_018506613.1
DQB1 DQB1%*23:01 601.0 446445 7174 7407 96 92.308 2.44E-89 NW_018508875.1
DQB1 DQB1%*23:02 601.0 446445 7174 7407 96 94.872 3.07E-98 NW_018508875.1
DQB1 DQB1%*23:03 601.0 446445 7174 7407 96 94.017 5.22E-96 NW_018508875.1
DQB1 DQB1*23:04 601.0 446445 7174 7407 96 94.017 5.22E-96 NW_018508875.1
DQB1 DQB1*23:05 46.78 581944 27314 27073 100 90.574 1.9E-85 NW_018506613.1
DQB1 DQB1*23:06 601.0 446445 7174 7407 96 93.617 2.43E-94 NW_018508875.1
DQB1 DQB1*23:07 601.0 446445 7174 7413 99 90.265 3.21E-78 NW_018506613.1
DQB1 DQB1*23:08 601.0 446445 7174 7407 96 95.299 5.18E-101 NW_018508875.1
DQB1 DQB1*23:09 601.0 446445 7174 7413 99 95 1.11E-102 NW_018508875.1
DQB1 DQB1*23:10 601.0 446445 7174 7407 96 95.726 1.11E-102 NW_018508875.1
DQB1 DQB1%*23:11 601.0 446445 7174 7407 96 94.017 6.65E-95 NW_018508875.1
DQB1 DQB1*23:12 601.0 446445 7174 7407 96 93.162 1.13E-92 NW_018508875.1
DQB2 DQB2*01:01 46.78 581944 120020 119782 100 98.745 3.87E-117 NW_018506613.1
DQB2 DQB2*01:02 46.78 581944 120020 119782 100 98.745 3.87E-117 NW_018506613.1
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Table 1-S11. Individual Genotypes according to new loci designation. List of alleles identified per individual across four Alouatta species at each locus. A) DQAL, B) DQB1 and
C) DQB2. N/A = not amplified.

A) DQAL
Species Individual ID DQA1-L1 DQA1-L2

palliata S-001 DQA1-L1-1 DQA1-11-1 DQA1-L2-2 DQA1-L2-2
palliata S-002 DQA1-L1-1 DQA1-L1-1 DQA1-12-2 DQA1-L2-2
palliata S-003 DQA1-L1-1 DQA1-L1-1 DQA1-12-2 DQA1-L2-2
palliata S-004 DQA1-L1-1 DQA1-L1-1 DQA1-12-2 DQA1-L2-2
palliata S-005 DQA1-L1-1 DQA1-L1-1 DQA1-12-2 DQA1-L2-2
palliata S-087 DQA1-L1-1 DQA1-L1-1 DQA1-12-2 DQA1-L2-2
palliata S-088 DQA1-L1-1 DQA1-L1-1 DQA1-12-2 DQA1-L2-2
palliata S-089 DQA1-L1-1 DQA1-L1-1 DQA1-12-2 DQA1-L2-2
palliata S-090 DQA1-11-1 DQA1-11-1 DQA1-12-2 DQA1-12-2
palliata S-091 DQA1-11-1 DQA1-11-1 DQA1-12-2 DQA1-12-2
palliata S-092 DQA1-11-1 DQA1-11-1 DQA1-12-2 DQA1-12-2
palliata S-143 DQA1-11-1 DQA1-11-1 DQA1-12-2 DQA1-12-2
palliata S-144 DQA1-L1-1 DQA1-11-1 DQA1-L2-2 DQA1-12-2
palliata S-145 DQA1-L1-1 DQA1-11-1 DQA1-L2-2 DQA1-12-2
palliata S-146 DQA1-L1-1 DQA1-11-1 DQA1-L2-2 DQA1-L2-2
palliata S-147 DQA1-11-1 DQA1-11-1 DQA1-L2-2 DQA1-L2-2
palliata S-172 DQA1-L1-1 DQA1-L1-1 DQA1-12-2 DQA1-L2-2
palliata S-173 DQA1-L1-1 DQA1-L1-1 DQA1-12-2 DQA1-L2-2
palliata S-174 DQA1-L1-1 DQA1-L1-1 DQA1-12-2 DQA1-L2-2
palliata S-175 DQA1-L1-1 DQA1-L1-1 DQA1-12-2 DQA1-L2-2
palliata S-176 DQA1-L1-1 DQA1-L1-1 DQA1-12-2 DQA1-L2-2
palliata S-204 DQA1-L1-1 DQA1-L1-1 DQA1-12-2 DQA1-L2-2
palliata S-205 DQA1-11-1 DQA1-11-1 DQA1-12-2 DQA1-12-2
palliata S-206 DQA1-L1-1 DQA1-11-1 DQA1-12-2 DQA1-12-2
palliata S-207 DQA1-11-1 DQA1-11-1 DQA1-12-2 DQA1-12-2
palliata S-208 DQA1-11-1 DQA1-11-1 DQA1-12-2 DQA1-12-2
palliata S-209 DQA1-L1-1 DQA1-11-1 DQA1-L2-2 DQA1-12-2
palliata S-608 DQA1-L1-1 DQA1-11-1 DQA1-L2-2 DQA1-12-2
palliata S-609 DQA1-L1-1 DQA1-11-1 DQA1-L2-2 DQA1-L2-2
palliata S-610 DQA1-11-1 DQA1-11-1 DQA1-L2-2 DQA1-L2-2
palliata S-611 DQA1-L1-1 DQA1-11-1 DQA1-L2-2 DQA1-L2-2
palliata S-612 DQA1-L1-1 DQA1-L1-1 DQA1-12-2 DQA1-L2-2
palliata S-613 DQA1-L1-1 DQA1-L1-1 DQA1-12-2 DQA1-L2-2

S N N N N T T e N S

50



51

A. palliata S-614 DQA1-L1-1 DQA1-L1-1 DQA1-L2-2 DQA1-L2-2

A. palliata S-615 DQA1-11-1 DQA1-L1-1 DQA1-L2-2 DQA1-L2-2

A. palliata S-617 DQA1-11-1 DQA1-11-1 DQA1-L2-2 DQA1-12-2

A. palliata S-618 DQA1-11-1 DQA1-11-1 DQA1-L2-2 DQA1-12-2

A. palliata S-030 DQA1-11-1 DQA1-11-1 DQA1-L2-2 DQA1-12-2

A. palliata S-031 DQA1-11-1 DQA1-11-1 DQA1-L2-2 DQA1-12-4

A. palliata S-032 DQA1-11-1 DQA1-L1-5 DQA1-L2-4 DQA1-12-4

A. palliata S-033 DQA1-11-1 DQA1-L1-1 DQA1-L2-2 DQA1-12-2

A. palliata S-034 DQA1-11-1 DQA1-L1-5 DQA1-L2-4 DQA1-L2-4

A. palliata S-035 DQA1-L1-1 DQA1-L1-1 DQA1-L2-2 DQA1-L2-4

A. palliata S-036 DQA1-L1-1 DQA1-L1-1 DQA1-L2-2 DQA1-L2-4

A. palliata S-037 DQA1-L1-1 DQA1-L1-1 DQA1-L2-2 DQA1-L2-4

A. palliata S-038 DQA1-L1-1 DQA1-L1-5 DQA1-L2-2 DQA1-L2-2

A. palliata S-039 DQA1-L1-1 DQA1-L1-1 DQA1-L2-2 DQA1-L2-4

A. palliata Peru-A2 DQA1-L1-1 DQA1-11-3 DQA1-L2-2 DQA1-L2-2

A. palliata Peru-A4 DQA1-L1-1 DQA1-11-3 NA NA

A. palliata Peru-A5 DQA1-L1-1 DQA1-L1-1 NA NA

A. palliata Peru-A10 DQA1-11-3 DQA1-1L1-3 NA NA

A. palliata Peru-A16 DQA1-11-1 DQA1-1L1-3 NA NA

A. palliata Peru-G1 NA NA NA NA

A. palliata Peru-G5 DQA1-11-3 DQA1-11-3 NA NA

A. palliata Peru-G6 DQA1-11-3 DQA1-1L1-3 NA NA

A. palliata Peru-G11 DQA1-11-3 DQA1-1L1-3 DQA1-L2-2 DQA1-1L2-2

A. palliata Peru-G24 DQA1-L1-1 DQA1-L1-3 DQA1-12-2 DQA1-L2-2
A. pigra S-149 DQA1-L1-3 DQA1-L1-5 DQA1-12-8 DQA1-L2-7
A. pigra S-150 DQA1-L1-3 DQA1-L1-3 DQA1-L2-6 DQA1-L2-6
A. pigra S-151 DQA1-L1-3 DQA1-L1-3 DQA1-L2-6 DQA1-L2-6
A. pigra S-153 DQA1-L1-3 DQA1-L1-5 DQA1-L2-6 DQA1-L2-7
A. pigra S-185 DQA1-L1-3 DQA1-L1-3 DQA1-L2-6 DQA1-L2-8
A. pigra S-186 DQA1-11-3 DQA1-1L1-3 DQA1-L2-6 DQA1-12-6
A. pigra S-187 DQA1-11-3 DQA1-1L1-3 DQA1-L2-6 DQA1-12-8
A. pigra S-188 DQA1-11-3 DQA1-L1-5 DQA1-L2-6 DQA1-1L2-7
A. pigra S-189 DQA1-11-3 DQA1-L1-5 DQA1-L2-6 DQA1-1L2-7
A. pigra S-190 DQA1-11-3 DQA1-L1-5 DQA1-L2-6 DQA1-1L2-7
A. pigra S-191 DQA1-11-3 DQA1-L1-5 DQA1-L2-7 DQA1-1L2-7
A. pigra S-193 DQA1-11-3 DQA1-L1-5 DQA1-L2-7 DQA1-L2-7
A. pigra S-194 DQA1-L1-3 DQA1-L1-5 DQA1-L2-6 DQA1-L2-7
A. pigra S-195 DQA1-L1-3 DQA1-L1-3 DQA1-L2-6 DQA1-L2-6



A. pigra S-196 DQA1-11-3 DQA1-L1-5 DQA1-L2-7 DQA1-L2-7
A. pigra S-219 DQA1-11-3 DQA1-11-3 DQA1-12-8 DQA1-L2-8
A. pigra S-222 DQA1-L1-3 DQA1-L1-3 DQA1-12-6 DQA1-L2-6
A. pigra S-224 DQA1-L1-3 DQA1-L1-3 DQA1-12-6 DQA1-L2-6
A. pigra S-225 DQA1-L1-3 DQA1-L1-5 DQA1-12-8 DQA1-L2-7
A. pigra S-227 DQA1-L1-3 DQA1-L1-3 DQA1-12-6 DQA1-L2-6
A. pigra S-228 DQA1-L1-3 DQA1-L1-5 DQA1-12-6 DQA1-L2-7
A. pigra S-229 DQA1-L1-3 DQA1-L1-3 DQA1-12-6 DQA1-12-8
A. pigra S-234 DQA1-11-3 DQA1-L1-3 DQA1-12-6 DQA1-12-8
A. pigra S-242 DQA1-11-3 DQA1-11-3 DQA1-12-8 DQA1-12-8
A. pigra S-248 DQA1-11-3 DQA1-L1-5 DQA1-L2-6 DQA1-12-7
A. pigra S-279 DQA1-11-3 DQA1-11-3 DQA1-L2-6 DQA1-12-8
A. pigra S-289 DQA1-L1-3 DQA1-11-3 DQA1-12-8 DQA1-12-8
A. pigra S-490 DQA1-11-3 DQA1-L1-5 DQA1-L2-6 DQA1-12-7
A. pigra S-491 DQA1-L1-3 DQA1-11-3 DQA1-12-8 DQA1-12-8
A. pigra S-494 DQA1-11-3 DQA1-11-3 DQA1-L2-6 DQA1-12-6
A. pigra S-504 DQA1-L1-3 DQA1-L1-3 DQA1-L2-6 DQA1-L2-6
A. pigra S-505 DQA1-L1-3 DQA1-L1-3 DQA1-12-6 DQA1-L2-6
A. pigra S-507 DQA1-L1-3 DQA1-L1-3 DQA1-12-6 DQA1-L2-6
A. pigra S-508 DQA1-L1-3 DQA1-L1-3 DQA1-12-6 DQA1-L2-6
A. pigra S-509 DQA1-L1-3 DQA1-L1-3 DQA1-12-6 DQA1-L2-6
A. pigra S-510 DQA1-L1-3 DQA1-L1-3 DQA1-12-6 DQA1-L2-6
A. pigra S-511 DQA1-11-3 DQA1-L1-3 DQA1-12-6 DQA1-12-7
A. pigra S-526 DQA1-11-3 DQA1-11-3 DQA1-L2-6 DQA1-12-8
A. caraya H1 DQA1-L1-9 DQA1-L1-10 DQA1-L2-2 DQA1-12-2
A. caraya 21C DQA1-L1-9 DQA1-L1-10 DQA1-12-11 DQA1-12-11
A. guariba 109 DQA1-L1-9 DQA1-L1-9 DQA1-12-12 DQA1-12-12
A. guariba 89 DQA1-L1-9 DQA1-L1-9 DQA1-12-13 DQA1-12-14




B) DQB

1
Species Individual ID DQB1-L1 DQB1-L2 DQB1-L3
A. palliata S-001 DQB1-L1-1 DQB1-L1-1 DQB1-L2-2 DQB1-L2-2 DQB1-L3-3 DQB1-1L3-3
A. palliata S-002 DQB1-L1-1 DQB1-L1-1 DQB1-L2-2 DQB1-L2-2 DQB1-L3-3 DQB1-L3-3
A. palliata S-003 DQB1-L1-1 DQB1-L1-1 DQB1-L2-2 DQB1-L2-2 DQB1-L3-3 DQB1-1L3-3
A. palliata S-004 DQB1-L1-1 DQB1-L1-1 DQB1-L2-2 DQB1-L2-2 DQB1-L3-3 DQB1-L3-3
A. palliata S-005 DQB1-L1-1 DQB1-L1-1 DQB1-L2-2 DQB1-L2-2 DQB1-13-3 DQB1-13-3
A. palliata S-087 DQB1-L1-1 DQB1-L1-1 DQB1-L2-2 DQB1-L2-2 DQB1-13-3 DQB1-13-3
A. palliata S-088 DQB1-L1-1 DQB1-L1-1 DQB1-L2-2 DQB1-L2-2 DQB1-13-3 DQB1-13-3
A. palliata S-089 DQB1-L1-1 DQB1-L1-1 DQB1-L2-2 DQB1-L2-2 DQB1-13-3 DQB1-13-3
A. palliata S-090 DQB1-L1-1 DQB1-L1-1 DQB1-L2-2 DQB1-L2-2 DQB1-13-3 DQB1-13-3
A. palliata S-091 DQB1-L1-1 DQB1-L1-1 DQB1-L2-2 DQB1-L2-2 DQB1-13-3 DQB1-13-3
A. palliata S-092 DQB1-L1-1 DQB1-L1-1 DQB1-L2-2 DQB1-L2-2 DQB1-13-3 DQB1-13-3
A. palliata S-143 DQB1-L1-1 DQB1-L1-1 DQB1-L2-2 DQB1-L2-2 DQB1-L3-3 DQB1-1L3-3
A. palliata S-144 DQB1-L1-1 DQB1-L1-1 DQB1-L2-2 DQB1-L2-2 DQB1-L3-3 DQB1-L3-3
A. palliata S-145 DQB1-L1-1 DQB1-L1-1 DQB1-L2-2 DQB1-L2-2 DQB1-L3-3 DQB1-L3-3
A. palliata S-146 DQB1-L1-1 DQB1-L1-1 DQB1-L2-2 DQB1-L2-2 DQB1-L3-3 DQB1-1L3-3
A. palliata S-147 DQB1-L1-1 DQB1-L1-1 DQB1-L2-2 DQB1-L2-2 DQB1-L3-3 DQB1-1L3-3
A. palliata S-172 DQB1-L1-1 DQB1-L1-1 DQB1-L2-2 DQB1-L2-2 DQB1-L3-3 DQB1-1L3-3
A. palliata S-173 DQB1-L1-1 DQB1-L1-1 DQB1-L2-2 DQB1-L2-2 DQB1-L3-3 DQB1-1L3-3
A. palliata S-174 DQB1-L1-1 DQB1-L1-1 DQB1-L2-2 DQB1-L2-2 DQB1-L3-3 DQB1-L3-3
A. palliata S-175 DQB1-L1-1 DQB1-L1-1 DQB1-L2-2 DQB1-L2-2 DQB1-13-3 DQB1-L3-3
A. palliata S-176 DQB1-L1-1 DQB1-L1-1 DQB1-L2-2 DQB1-L2-2 DQB1-13-3 DQB1-13-3
A. palliata S-204 DQB1-L1-1 DQB1-L1-1 DQB1-L2-2 DQB1-L2-2 DQB1-13-3 DQB1-13-3
A. palliata S-205 DQB1-L1-1 DQB1-L1-1 DQB1-L2-2 DQB1-L2-2 DQB1-13-3 DQB1-13-3
A. palliata S-206 DQB1-L1-1 DQB1-L1-1 DQB1-L2-2 DQB1-L2-2 DQB1-13-3 DQB1-13-3
A. palliata S-207 DQB1-L1-1 DQB1-L1-1 DQB1-L2-2 DQB1-L2-2 DQB1-13-3 DQB1-13-3
A. palliata S-208 DQB1-L1-1 DQB1-L1-1 DQB1-12-2 DQB1-L2-2 DQB1-13-3 DQB1-13-3
A. palliata S-209 DQB1-L1-1 DQB1-L1-1 DQB1-L2-2 DQB1-L2-2 DQB1-13-3 DQB1-13-3
A. palliata S-608 DQB1-L1-1 DQB1-L1-1 DQB1-L2-2 DQB1-L2-2 DQB1-13-3 DQB1-13-3
A. palliata S-609 DQB1-L1-1 DQB1-L1-1 DQB1-L2-2 DQB1-L2-2 DQB1-L3-3 DQB1-1L3-3
A. palliata S-610 DQB1-L1-1 DQB1-L1-1 DQB1-L2-2 DQB1-L2-2 DQB1-L3-3 DQB1-1L3-3
A. palliata S-611 DQB1-L1-1 DQB1-L1-1 DQB1-L2-2 DQB1-L2-2 DQB1-L3-3 DQB1-1L3-3
A. palliata S-612 DQB1-L1-1 DQB1-L1-1 DQB1-L2-2 DQB1-L2-2 DQB1-L3-3 DQB1-1L3-3
A. palliata S-613 DQB1-L1-1 DQB1-L1-1 DQB1-L2-2 DQB1-L2-2 DQB1-L3-3 DQB1-L3-3
A. palliata S-614 DQB1-L1-1 DQB1-L1-1 DQB1-L2-2 DQB1-L2-2 DQB1-L3-3 DQB1-1L3-3
A. palliata S-615 DQB1-L1-1 DQB1-L1-1 DQB1-L2-2 DQB1-L2-2 DQB1-L3-3 DQB1-L3-3
A. palliata S-617 DQB1-L1-1 DQB1-L1-1 DQB1-L2-2 DQB1-L2-2 DQB1-L3-3 DQB1-L3-3
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A. palliata S-618 DQB1-L1-1 DQB1-L1-1 DQB1-L2-2 DQB1-L2-2 DQB1-13-3 DQB1-13-3
A. palliata S-030 DQB1-L1-1 DQB1-L1-1 DQB1-L2-2 DQB1-L2-2 DQB1-L3-5 DQB1-L3-5
A. palliata S-031 DQB1-L1-1 DQB1-L1-1 DQB1-L2-2 DQB1-L2-4 DQB1-L3-3 DQB1-L3-7
A. palliata S-032 DQB1-L1-1 DQB1-L1-1 DQB1-L2-4 DQB1-L2-4 DQB1-L3-3 DQB1-L3-7
A. palliata S-033 DQB1-L1-1 DQB1-L1-1 DQB1-L2-2 DQB1-L2-2 DQB1-L3-3 DQB1-1L3-3
A. palliata S-034 DQB1-L1-1 DQB1-L1-1 DQB1-L2-4 DQB1-L2-4 DQB1-L3-3 DQB1-L3-7
A. palliata S-035 DQB1-L1-1 DQB1-L1-1 DQB1-L2-2 DQB1-L2-4 DQB1-L3-7 DQB1-L3-7
A. palliata S-036 DQB1-L1-1 DQB1-L1-1 DQB1-L2-2 DQB1-L2-4 DQB1-L3-7 DQB1-L3-7
A. palliata S-037 DQB1-L1-1 DQB1-L1-1 DQB1-L2-2 DQB1-L2-4 DQB1-L3-3 DQB1-1L3-3
A. palliata S-038 DQB1-L1-1 DQB1-L1-1 DQB1-L2-2 DQB1-L2-2 DQB1-L3-3 DQB1-L3-3
A. palliata S-039 DQB1-L1-1 DQB1-L1-1 DQB1-L2-2 DQB1-L2-4 DQB1-L3-3 DQB1-L3-7
A. palliata Peru-A2 DQB1-L1-1 DQB1-L1-1 DQB1-L2-2 DQB1-L2-2 DQB1-L3-6 DQB1-13-6
A. palliata Peru-A4 DQB1-L1-1 DQB1-L1-1 DQB1-L2-2 DQB1-L2-2 NA NA
A. palliata Peru-A5 DQB1-L1-1 DQB1-L1-1 DQB1-L2-2 DQB1-L2-2 DQB1-13-6 DQB1-13-6
A. palliata Peru-A10 DQB1-L1-1 DQB1-L1-1 DQB1-L2-2 DQB1-L2-2 DQB1-13-6 DQB1-13-6
A. palliata Peru-A16 NA NA NA NA DQB1-13-6 DQB1-L3-6
A. palliata Peru-G1 DQB1-L1-1 DQB1-L1-1 DQB1-L2-2 DQB1-L2-2 DQB1-13-6 DQB1-13-6
A. palliata Peru-G5 NA NA NA NA DQB1-13-6 DQB1-L3-6
A. palliata Peru-G6 DQB1-L1-1 DQB1-L1-1 DQB1-L2-2 DQB1-L2-2 DQB1-L3-6 DQB1-L3-6
A. palliata Peru-G11 DQB1-L1-1 DQB1-L1-1 DQB1-L2-2 DQB1-L2-2 DQB1-L3-6 DQB1-L3-6
A. palliata Peru-G24 DQB1-L1-1 DQB1-L1-1 DQB1-L2-2 DQB1-L2-2 DQB1-L3-6 DQB1-L3-6
A. pigra S-149 DQB1-L1-1 DQB1-L1-9 DQB1-L2-4 DQB1-L2-12 DQB1-L3-18
A. pigra S-150 DQB1-L1-11 DQB1-L1-11 NA NA DQB1-L3-8 DQB1-L3-10
A. pigra S-151 DQB1-L1-9 DQB1-L1-11 NA NA DQB1-L3-8 DQB1-L3-10
A. pigra S-153 DQB1-L1-1 DQB1-L1-9 DQB1-L2-4 DQB1-L2-4 DQB1-L3-8 DQB1-L3-10
A. pigra S-185 DQB1-L1-9 DQB1-L1-9 DQB1-L2-12 DQB1-L2-12 DQB1-L3-8 DQB1-L3-10 DQB1-L3-18
A. pigra S-186 DQB1-L1-9 DQB1-11-11 NA NA DQB1-13-8 DQB1-13-10
A. pigra S-187 DQB1-L1-9 DQB1-L1-9 DQB1-L2-12 DQB1-12-12 DQB1-13-8 DQB1-13-10 DQB1-13-18
A. pigra S-188 DQB1-L1-1 DQB1-L1-9 DQB1-L2-4 DQB1-L2-4 DQB1-13-8 DQB1-L3-10
A. pigra S-189 DQB1-L1-1 DQB1-11-11 DQB1-L2-4 DQB1-L2-4 DQB1-13-8 DQB1-13-10
A. pigra S-190 DQB1-L1-1 DQB1-11-11 DQB1-L2-4 DQB1-L2-4 DQB1-13-8 DQB1-13-10
A. pigra S-191 DQB1-L1-1 DQB1-11-11 DQB1-L2-4 DQB1-L2-4 DQB1-13-13 DQB1-13-15
A. pigra S-193 DQB1-L1-1 DQB1-L1-9 DQB1-L2-4 DQB1-L2-4 DQB1-1L3-17
A. pigra S-194 DQB1-L1-1 DQB1-L1-11 DQB1-L2-4 DQB1-L2-4 DQB1-L3-8 DQB1-L3-10
A. pigra S-195 DQB1-L1-9 DQB1-L1-11 NA NA DQB1-L3-8 DQB1-L3-10 DQB1-L3-17
A. pigra S-196 DQB1-L1-9 DQB1-L1-9 DQB1-L2-4 DQB1-L2-4 DQB1-1L3-17
A. pigra S-219 DQB1-L1-9 DQB1-L1-9 DQB1-L2-12 DQB1-L2-12 DQB1-1L3-13 DQB1-L3-14 DQB1-L3-18
A. pigra S-222 DQB1-L1-9 DQB1-L1-11 NA NA DQB1-L3-10 DQB1-L3-13 DQB1-L3-15



A. pigra S-224 DQB1-L1-9 DQB1-L1-9 DQB1-12-4 DQB1-L2-4 DQB1-13-8 DQB1-13-10 DQB1-13-18
A. pigra S-225 DQB1-L1-1 DQB1-L1-9 DQB1-L2-12 DQB1-12-12 DQB1-13-18
A. pigra S-227 DQB1-L1-9 DQB1-11-11 NA NA DQB1-13-8 DQB1-13-10
A. pigra S-228 DQB1-L1-1 DQB1-11-11 DQB1-L2-4 DQB1-12-4 DQB1-13-8 DQB1-13-10
A. pigra S-229 DQB1-L1-9 DQB1-11-11 DQB1-L2-12 DQB1-12-12 DQB1-13-8 DQB1-13-10 DQB1-13-18
A. pigra S-234 DQB1-L1-9 DQB1-11-11 DQB1-L2-12 DQB1-12-12 DQB1-13-8 DQB1-13-10 DQB1-13-18
A. pigra S-242 DQB1-L1-9 DQB1-L1-9 DQB1-L2-12 DQB1-12-12 DQB1-13-13 DQB1-13-14 DQB1-13-18
A. pigra S-248 DQB1-L1-1 DQB1-L1-9 DQB1-L2-4 DQB1-12-4 DQB1-13-8 DQB1-13-10
A. pigra S-279 DQB1-L1-9 DQB1-L1-9 DQB1-L2-12 DQB1-12-12 DQB1-13-8 DQB1-13-10 DQB1-13-18
A. pigra S-289 DQB1-L1-11 DQB1-11-11 DQB1-L2-12 DQB1-12-12 DQB1-13-13 DQB1-13-14 DQB1-13-18
A. pigra S-490 DQB1-L1-1 DQB1-L1-9 DQB1-L2-4 DQB1-12-4 DQB1-13-8 DQB1-13-10
A. pigra S-491 DQB1-L1-9 DQB1-11-11 DQB1-12-12 DQB1-12-12 DQB1-13-18
A. pigra S-494 DQB1-L1-9 DQB1-11-11 NA NA DQB1-13-8 DQB1-13-10
A. pigra S-504 DQB1-L1-9 DQB1-11-11 NA NA DQB1-13-8 DQB1-13-13 DQB1-13-15 DQB1-13-16
A. pigra S-505 DQB1-L1-9 DQB1-L1-9 NA NA DQB1-13-8 DQB1-13-10 DQB1-13-16
A. pigra S-507 DQB1-L1-11 DQB1-11-11 NA NA DQB1-13-13 DQB1-13-15
A. pigra S-508 DQB1-L1-11 DQB1-11-11 NA NA DQB1-13-8 DQB1-13-10 DQB1-13-13 DQB1-13-15
A. pigra S-509 DQB1-L1-11 DQB1-11-11 NA NA DQB1-13-8 DQB1-13-10 DQB1-13-18
A. pigra S-510 DQB1-L1-9 DQB1-11-11 NA NA DQB1-13-8 DQB1-13-10 DQB1-13-13 DQB1-13-15
A. pigra S-511 DQB1-L1-9 DQB1-11-11 DQB1-L2-4 DQB1-12-4 DQB1-13-8 DQB1-13-10
A. pigra S-526 DQB1-L1-9 DQB1-11-11 DQB1-L2-12 DQB1-12-12 DQB1-L3-8 DQB1-13-10 DQB1-13-17
A. caraya H1 DQB1-L1-19 DQB1-L1-20 DQB1-12-22 DQB1-12-22 DQB1-13-21 DQB1-13-21
A. caraya 21C DQB1-L1-19 DQB1-11-23 NA NA DQB1-L3-8 DQB1-13-24
A. guariba 109 DQB1-L1-9 DQB1-L1-9 DQB1-L2-26 DQB1-L2-26 DQB1-13-25 DQB1-13-25
A. guariba 89 DQB1-L1-9 DQB1-L1-9 DQB1-12-26 DQB1-12-26 DQB1-13-25 DQB1-13-27
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C) DQB2

Species Individual ID DQB2
A. palliata S-001 DQB2-1 DQB2-1
A. palliata S-002 DQB2-1 DQB2-1
A. palliata S-003 DQB2-1 DQB2-1
A. palliata S-004 DQB2-1 DQB2-1
A. palliata S-005 DQB2-1 DQB2-1
A. palliata S-087 DQB2-1 DQB2-1
A. palliata S-088 DQB2-1 DQB2-1
A. palliata S-089 DQB2-1 DQB2-1
A. palliata S-090 DQB2-1 DQB2-1
A. palliata S-091 DQB2-1 DQB2-1
A. palliata S-092 DQB2-1 DQB2-1
A. palliata S-143 DQB2-1 DQB2-1
A. palliata S-144 DQB2-1 DQB2-1
A. palliata S-145 DQB2-1 DQB2-1
A. palliata S-146 DQB2-1 DQB2-1
A. palliata S-147 DQB2-1 DQB2-1
A. palliata S-172 DQB2-1 DQB2-1
A. palliata S-173 DQB2-1 DQB2-1
A. palliata S-174 DQB2-1 DQB2-1
A. palliata S-175 DQB2-1 DQB2-1
A. palliata S-176 DQB2-1 DQB2-1
A. palliata S-204 DQB2-1 DQB2-1
A. palliata S-205 DQB2-1 DQB2-1
A. palliata S-206 DQB2-1 DQB2-1
A. palliata S-207 DQB2-1 DQB2-1
A. palliata S-208 DQB2-1 DQB2-1
A. palliata S-209 DQB2-1 DQB2-1
A. palliata S-608 DQB2-1 DQB2-1
A. palliata S-609 DQB2-1 DQB2-1
A. palliata S-610 DQB2-1 DQB2-1
A. palliata S-611 DQB2-1 DQB2-1
A. palliata S-612 DQB2-1 DQB2-1
A. palliata S-613 DQB2-1 DQB2-1
A. palliata S-614 DQB2-1 DQB2-1
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A. palliata S-615 DQB2-1 DQB2-1
A. palliata S-617 DQB2-1 DQB2-1
A. palliata S-618 DQB2-1 DQB2-1
A. palliata S-030 DQB2-2 DQB2-2
A. palliata S-031 DQB2-1 DQB2-1
A. palliata S-032 DQB2-1 DQB2-2
A. palliata S-033 DQB2-1 DQB2-1
A. palliata S-034 DQB2-1 DQB2-2
A. palliata S-035 DQB2-1 DQB2-1
A. palliata S-036 DQB2-1 DQB2-1
A. palliata S-037 DQB2-1 DQB2-1
A. palliata S-038 DQB2-1 DQB2-1
A. palliata S-039 DQB2-1 DQB2-1
A. palliata Peru-A2 DQB2-2 DQB2-2
A. palliata Peru-A4 DQB2-2 DQB2-2
A. palliata Peru-A5 DQB2-1 DQB2-2
A. palliata Peru-A10 DQB2-2 DQB2-2
A. palliata Peru-Al6 NA NA
A. palliata Peru-G1 DQB2-1 DQB2-2
A. palliata Peru-G5 DQB2-2 DQB2-2
A. palliata Peru-G6 DQB2-1 DQB2-2
A. palliata Peru-G11 DQB2-1 DQB2-2
A. palliata Peru-G24 DQB2-2 DQB2-2
A. pigra S-149 DQB2-2 DQB2-3
A. pigra S-150 DQB2-3 DQB2-3
A. pigra S-151 DQB2-3 DQB2-3
A. pigra S-153 DQB2-2 DQB2-3
A. pigra S-185 DQB2-3 DQB2-3
A. pigra S-186 DQB2-3 DQB2-3
A. pigra S-187 DQB2-3 DQB2-3
A. pigra S-188 DQB2-2 DQB2-3
A. pigra S-189 DQB2-2 DQB2-3
A. pigra S-190 DQB2-2 DQB2-3
A. pigra S-191 DQB2-2 DQB2-4
A. pigra S-193 DQB2-2 DQB2-3
A. pigra S-194 DQB2-2 DQB2-3
A. pigra S-195 DQB2-3 DQB2-3
A. pigra S-196 DQB2-2 DQB2-3



A. pigra S-219 DQB2-3 DQB2-3
A. pigra S-222 DQB2-3 DQB2-3
A. pigra S-224 DQB2-3 DQB2-3
A. pigra S-225 DQB2-2 DQB2-3
A. pigra S-227 DQB2-3 DQB2-3
A. pigra S-228 DQB2-2 DQB2-3
A. pigra S-229 DQB2-3 DQB2-3
A. pigra S-234 DQB2-3 DQB2-3
A. pigra S-242 DQB2-3 DQB2-3
A. pigra S-248 DQB2-2 DQB2-3
A. pigra S-279 DQB2-3 DQB2-3
A. pigra S-289 DQB2-3 DQB2-4
A. pigra S-490 DQB2-2 DQB2-3
A. pigra S-491 DQB2-3 DQB2-3
A. pigra S-494 DQB2-3 DQB2-3
A. pigra S-504 DQB2-3 DQB2-4
A. pigra S-505 DQB2-3 DQB2-3
A. pigra S-507 DQB2-4 DQB2-4
A. pigra S-508 DQB2-4 DQB2-4
A. pigra S-509 DQB2-4 DQB2-4
A. pigra S-510 DQB2-3 DQB2-4
A. pigra S-511 DQB2-3 DQB2-3
A. pigra S-526 DQB2-3 DQB2-3
A. caraya H1 DQB2-5 DQB2-6
A. caraya 21C DQB2-5 DQB2-6
A. guariba 109 DQB2-7 DQB2-7
A. guariba 89 DQB2-8 DQB2-8
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Figure 1-S4. Amino acid sequence alignments. Alignments include sequences from all four Alouatta species, C. jacchus and A. nancymaae for all three loci A) DQA1, B) DQB1
and C) DQB2. The reference alignment sequence is a human consensus sequence for each locus. Site numbers are indicated on top of the reference sequence based on the human
sequence. ABS are indicated in bold in the reference sequence. An amino acid conservation bar plot is displayed below the alignment. Each bar corresponds to the amino acid
above. The higher the values the more conserved the amino acid is across all sequences. Completely conserved sites are indicated with “*” and sites with mutations where all
properties are conserved are indicated with “+”.
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Chapter 2: Major Histocompatibility Complex (MHC) Variation Across the Distribution of the
Mantled Howler Monkey (Alouatta palliata): Population Structure and Low Genetic Diversity in
Mexican Populations

Abstract

Genetic variation is fundamental for populations to adapt and consequently persist in an ever-
changing environment. Traditionally, studies that evaluate genetic variation in wild populations
rely on neutral genetic markers, however, these markers do not convey any functional
information. In this study we analyzed seven loci from the Major Histocompatibility Complex
(MHC) (DQA1-L1, DQA1-L2, DQB1-L1, DQB1-L2, DQB1-L3, DQB2 and DRB) to evaluate
the genetic diversity of a broadly distributed primate, the mantled howler monkey (A. palliata).
MHC is a genomic region with a key role in adaptive immunity. Using high-throughput
sequencing, we analyzed a total of 57 wild A. palliata individuals from Mexico (N=37), Costa
Rica (N=10) and Peru (N=10). Individuals from Mexico show the lowest genetic diversity as
they were all homozygotes at all seven MHC loci. Both, Costa Rica and Peru individuals were
more genetically diverse overall regardless the substantially smaller sample size compared to
Mexico. We also found populations structure based on Fst and AMOVA analyses. Fst values
were high in all our comparisons: Mexico-Costa Rica (0.36), Mexico-Peru (0.85) and Costa
Rica-Peru (0.51) but Mexico-Peru comparison was not significant. AMOVA results were also
significant showing that most of the genetic variation (68%) is found among populations. Lastly,

we found evidence for positive selection at DRB and DQB1-L3, based on
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dN/dS ratios, while the rest of the loci appear to be evolving neutrally. MHC genetic variation
across the geographic distribution of A. palliata appeared to be predominantly shaped by neutral
processes, mirroring studies of genetic diversity at neutral markers. Moreover, the extremely low
MHC genetic diversity found in A. palliata’s Mexican population is of concern, in terms of

conservation, given the crucial function of these loci.

Introduction
The ability of a population to adapt to an ever-changing environment is fundamentally
determined by its genetic diversity. In Eukaryotes, genetic diversity originates from mutations,
gene flow and recombination, but it is the interaction of selective and neutral forces what defines
genetic diversity over evolutionary time (Frankham et al. 2002). Genetic drift changes allele
frequencies at random from generation to generation decreasing genetic diversity. Selective
pressures may maintain, reduce, or increase genetic diversity depending on the type of selection
operating (Allendorf. 1986). Estimates of genetic diversity are traditionally derived from neutral
markers which inherently do not provide information on adaptive variation (Avise 2009). In
contrast, highly variable functional genomic regions are ideal candidates to investigate the
adaptive potential of populations. The Major Histocompatibility Complex (MHC) is a multi-gene
family characterized by its elevated polymorphism and its crucial role in adaptive immunity
encoding molecules that present antigens for pathogen recognition (Edwards and Hedrick 1998).
It has long been hypothesized that such a level of polymorphism is a consequence of
pathogen-driven selection in which more genetic variants being present in a population enables
the recognition and appropriate immune response to a broader spectrum of pathogens (Doherty

and Zinkernagel 1975; Jeffery and Bangham 2000; Bernatchez and Landry 2003). However,
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these host and pathogen interactions are not geographically homogeneous. When considering
species or populations with broad distribution ranges, MHC genetic diversity and allelic
composition may not be uniformly distributed across space. Recently, MHC and other functional
genes have been proposed as more suitable genetic marker for conservation studies as they may
be more informative when evaluating the potential adaptability of a population (Manlik et al.
2019, Teixeira & Huber 2020). The mantled howler monkey (Alouatta palliata) is currently
listed as vulnerable according to the IUCN Red List (Cortés-Ortiz et al. 2020), including the
subspecies A. palliata mexicana, which is restricted to Mexico and listed as endangered (Cuaron
et al. 2020)

The mantled howler monkey’s geographic range extends from the Tumbes region in
northern Peru through the Pacific coast of northwestern South America and into Central America
to the Honduras-Guatemala border, with a disjunct population in southeast Mexico (Cortés-Ortiz
et al. 2015; Rylands et al. 2006). Genetic diversity studies of neutral markers on different
populations of A. palliata indicate a reduction in genetic diversity from Panama to Mexico
(Winkler et al. 2004, Ellsworth & Hoelzer 2006, Ruiz-Garcia et al. 2007, Milton et al. 2009,
Jasso-del-Toro et al. 2016, Melo-Carrillo et al. 2020).

Given the extensive distribution of the mantled howler monkey, we predict genetic
differentiation among populations when examining MHC genetic regions. Studies have of MHC
genetic diversity across the geographic distribution of a species suggest that the strength of
selection, at a local level, results in genetic differentiation among different populations within a
species distribution (Hendrickson et al. 2000, Miller et al. 2001, Ekblom et al 2007, Alcaide et al.
2008, Cammen et al. 2010, Herdegen et al. 2014, Li et al. 2016, Lei et al. 2016, Talarico et al.

2019). In fewer cases, neutral processes appear to be the main drivers of the geographical
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distribution of MHC genetic variation (Cutrera et al. 2017, Gillingham et al. 2017, Andre et al.
2017). Studies on primates (Schad et al. 2004, Bonhomme et al. 2007, Zhang et al. 2018) have
provided evidence of MHC genetic differentiation at the population level because of local host-
pathogen interactions.

Most of the studies that evaluate MHC genetic diversity over space rely on a single MHC
genetic marker. DRB exon 2 has been the standard MHC marker for evaluating genetic diversity
due to its observed high variability but this is not the case in every system (Mainguy et al. 2007,
Saka et al. 2018). In humans and non-human primates, DRB does appear to be more variable
than the more traditionally conserved DQA and DQB (Bontrop et al. 2006). To evaluate the
extent of variation at MHC class 1l loci, we analyzed DRB exon 2 (DRB) and six MHC-DQ loci:
DQA1 exon 2 Locus 1 (DQA1-L1), DQA1 exon 2 Locus 2 (DQA1-L2), DQB1 exon 2 Locus 1
(DQB1-L1), DQB1 exon 2 Locus 2 (DQB1-L2), DQB1 exon 2 Locus 3 (DQB1-L3) and DQB2
exon 2 (DQB2e2). Our aim was to assess the diversity and geographical variation of MHC loci
in A. palliata populations. We i) genotyped 58 wild individuals sampled from Mexico, Costa
Rica, and Peru at the seven MHC loci, ii) estimated MHC genetic diversity in each population,
iii) evaluated population structure, iv) examined the amino acid variation at antigen binding sites
(ABS) and v) assessed selection comparing ratios of synonymous and non-synonymous

substitutions.

Methods
Sampling, DNA extraction and amplification
We analyzed blood (N = 47) and fecal (N = 10) samples from a total of 57 wild A. palliata

individuals from three main geographic locations: Mexico (blood samples from nine groups,
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N=37), Costa Rica (blood samples from an undetermined number of groups in a single location,
N=10 individuals) and in Peru (fecal samples from an undetermined number of groups in a single
location, N=10 individuals) (Figure 2-1). Samples from Mexico were collected between 1998
and 2010. Samples from Costa Rica were kindly shared by Dr. K. Glader to the Cortés-Ortiz
Lab. Samples from Peru were collected by Sergio Redondo and Fanny Cornejo. Fecal samples
were obtained fresh from observable individuals immediately after defecation then collected in
15 ml tubes with 99% ethanol, refrigerated in the field at -20°C before being stored at -80°C in
our lab facilities. Details on the collection of samples from Mexico and Costa Rica can be found
in Cortés-Ortiz et al. (2003, 2019) and Kelaita et al. (2011).

We extracted DNA from blood samples using the DNeasy Blood & Tissue Kit (Qiagen,
Valencia, CA). For fecal samples, we used the QlAamp DNA Stool Mini Kit (Qiagen, Valencia,
CA). We followed manufacturer’s protocol for both DNA extraction kits. We quantified DNA
concentration in a Qubit 4 Fluorometer and using Qubit dsDNA high-sensitivity assay
(Invitrogen, Carlsbad, CA). All samples were standardized at a DNA concentration of 5 ng/pl.
We performed PCRs using previously published primers targeting partial sequences of three
exons: DRB exon 2 (DRB), DQA1 exon 2 (DQAL) and DQB1 (DQB1) exon 2 (Tiercy et al.
1990, Gyllensten & Elrich 1988 and Yasunaga et al. 1996). As previously reported (Diaz et al.
2000) the set of primers used for DQB1 also co-amplified DQB2. Moreover, duplications were
detected in both DQAL and DQBL, resulting in two and three distinct loci respectively (as
explained in Chapter I). Here, we sequenced DRBe2 for the first time in A. palliata with no
evidence of duplication. In total we used seven loci to assess MHC Class Il diversity: DQA1-

2L1, DQA1-L2, DQB1-L1, DQB1-L2, DQB1-L3, DQB2 and DRB.
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Next Generation Sequencing Library Preparation
We followed the 16S protocol from Illumina (Illumina 2013) for next generation sequencing
library preparation with modifications. Briefly, the protocol consists in a PCR to amplify the
product of interest, and another PCR to attach labeling indexes to the sequences generated in the
first PCR. The final products are pooled in equimolar DNA concentrations for sequencing. We
modified the first stage PCR to a 3-phase Touch-Down with an initial denaturing temperature of
95 °C for 5 minutes, followed by two cycles of 94 °C for 30 sec, annealing temperature (55 °C
for DQA1, 60 °C for DQB1 and DQB2, 68 °C for DRB) for 30 sec and 72 °C for 30 seconds
(phase 1); two cycles of 94 °C for 30 sec, annealing temperature (50 °C for DQA1, 55 °C for
DQB1 and DQB2, 63 °C for DRB) for 30 sec and 72 °C for 30 seconds (phase 2); 30 cycles of
94 °C for 30 sec, annealing temperature (48 °C for DQAL, 52 °C for DQB1 and DQBZ2, 58 °C
for DRB) for 30 sec and 72 °C for 30 seconds (phase 3) and a final extension at 72 °C for 10
minutes. PCR total volume was 20 ul and included 5.5 pl of ultrapure water, 1 pl of forward
primer at 10 uM, 1 pl of reverse primer at 10 uM, 10 pl of Q5 Hot Start High-Fidelity 2X Master
Mix (NEB, Ipswich, MA) and 2.5 pl of DNA at Sng/p. For the second (Index) PCR, our total
reaction volume was 25 pl: 4 ul of ultrapure water, 3 ul of Nextera XT Index Primer 1 (Illumina,
San Diego, CA), 3 ul of Nextera XT Index Primer 2 (Illumina, San Diego, CA), 12.5 pul of Q5
Hot Start High-Fidelity 2X Master Mix (NEB, Ipswich, MA) and 2.5 pl of product from the first
PCR. Samples were labeled with unique index combinations for individual identification.
Products of the indexed PCRs were quantified using fluorometric DNA quantification
using the Qubit dsDNA high-sensitivity assay, diluted to a concentration of 4nM, and then
pooled together. We amplified and sequenced all samples in duplicate. Duplicates were

amplified in independent PCRs and sequenced on different sequencing runs. We submitted our

67



libraries for 250 bp pair-end MiSeq Nano 500 sequencing (Illumina, San Diego, CA) at The

University of Michigan Advanced Genomics Core.

MHC genotyping

We filtered out raw sequences that had a phred score lower than 20 using Trimmomatic (Bolger
et al. 2014). We merged pair-end sequences using FLASH (Magoc & Salzberg 2011) keeping
default parameters and filtered sequences based on size (retaining fragments>130 bp) using
PRINSEQ (Schmieder & Edwards 2011) to eliminate sequences that were not within the range of
expected size.

We created an R function to determine preliminary genotypes for each individual at each
locus. This function ranks all the unique reads of a particular locus by frequency in each
individual, eliminates all singletons, trims primers, and calculates the relative frequency of each
unique read to the total number of reads in the individual. Once we determined individual
putative alleles, we identified and eliminated chimeric sequences manually by aligning all
sequences of each locus and evaluating for the distribution of the variable sites in the aligned
sequences. Chimeric sequences were defined as sequences that combined two parental sequences
that were found in high frequency within an individual. All putative alleles that remained after
removing chimeras were confirmed as MHC-DQ sequences comparing sequence identity to
other published MHC-DQ sequences of closely related taxa. Following the protocol of Sommer
et al. 2013 we determined the final genotypes. Briefly, to call true alleles we i) identified high
frequency putative alleles in and individual, ii) corroborated allele presence in the duplicate, and
iii) confirm that the frequency of each potential true allele sequence was higher than any known

artifact (e.g., singletons, chimeras).
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MHC genetic diversity and population structure
We genotyped each individual at each locus and calculated allele frequencies, genotype
frequencies, private alleles and observed and expected heterozygosity for each locus in each
population.

To analyze population structure, we grouped samples by geographical location (Mexico,
Costa Rica and Peru) and included all loci except DRBe2 because we were unable to recover any
sequences for Peruvian individuals for this locus. We used the R package Hierfstat (Goudet
2005) to calculate pairwise Fst and a 95% bootstrap confidence interval to determine statistical
significance. We used the program GenoDive (Meirmans 2020) to perform an analysis of

molecular variance (AMOVA) and used 10,000 permutations to assess statistical significance.

Functional analyses
We deduced the amino acid sequences for all alleles across all loci and reported all variable sites
within each locus using MEGAX (Stecher et al. 2020). We also aligned these sequences, using
MUSCLE (Edgar 2004), to their human homologue sequence to infer potential antigen binding
sites (ABS) in our sequences. ABS in Human Leukocyte Antigen (HLA) genes, the human
version of the MHC genes, have been characterized in previous studies (Otting et al. 1992, Kwok
et al. 1996, Reche & Reinherz 2003, Siebold et al. 2003, Cocco et al. 2012, Sarri et al. 2018). We
did not assign ABS to DQB2e2 as HLA-DQB2 does not code for any portion of the antigen
binding groove (Garrigan and Hendrick 2003). Nevertheless, we still assessed the nucleotide and
amino acid variation at this locus within A. palliata.

We evaluated amino acid replacement at ABS in alleles at each locus. Amino acid

changes can be radical or conservative depending on the properties of each amino acid.
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Conservative changes tend to not alter protein product function while radical changes are likely
to do so (Sneath 1966, Grantham 1974). We implemented the index of amino acid dissimilarities
by Xia and Xie (2002) to determine conservative vs radical amino acid replacement. This index
builds on widely used indexes (Grantham 1974 and Miyata et al. 1979) by incorporating
neighbor preference into the model. The index amino acid dissimilarity scale spans from values
0.06 to 5.23, the lower the value the more conservative the amino acid replacement is. The
median value for all possible 190 amino acid replacement is 2.365, we used this threshold to

determine if an amino acid change is conservative or radical.

Selection analysis

Populations are subject to distinct selective pressures that may genetically differentiate them. To
determine signatures of selection we used the overall average and pairwise Z-test of Selection
per locus, as implemented in MEGAX (Stecher et al. 2020). The Z-test of selection estimates the
number of synonymous substitutions per synonymous sites (ds) and the number of non-
synonymous substitutions per non-synonymous sites (dn) and their respective variances between
pairs of sequences and among all sequences. Based on these estimates it tests the null hypothesis
of neutral evolution (dn=ds) versus an alternative hypothesis (positive selection -dn>ds- or
purifying selection -dn<ds-). We used 1000 bootstrap replications to assess statistical
significance. We included only DRB, DQA1-L1 and DQB1-L2 for this analysis. These loci had

more than two different alleles across all 58 individuals, allowing for statistical significance.
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Results

MHC sequencing and genotyping
We amplified and obtained sequences of exon 2 for seven MHC Class Il genes: DQA1-L1,
DQA1-L2, DQB1-L1, DQB1-L2, DQB1-L3, DQB2 and DRB. However, we were unable to
obtain DRB sequences from the fecal samples from individuals from Peru. Individuals A-16 and
G-5 from Peru presented missing data at three loci and were excluded from the analyses.
Comparing our sequences to human homologue sequences, and assuming identical sizes
between human and A. palliata sequences, we estimated a coverage of the total exon 2 sequence
of 91% for DRB, 75% for DQAL, 93% for DQB1 and 93% for DQB2. Our paired-end
sequencing raw data yielded a total of 868,376 reads across all individuals. After filtering our
data (based on quality and size), we recovered a total of 311,344 sequences that were used for
the genotyping process (please refer to Supplementary Materials Table 2-S5 for a more detailed

description of the filtering process and the number of reads).

Low MHC genetic diversity
For DRB (length = 245 bp), we found a total of four alleles. Individuals from Mexico were all
homozygous for allele DRB-1. Individuals from Costa Rica presented all four alleles (DRB-1,
DRB-2, DRB-3, DRB-4) combined in 5 genotypes. Alleles DRB-2, DRB-3 and DRB-4 are
private alleles for Costa Rica.

For DQA1-L1 (length = 188 bp), we found a total of three alleles. All individuals from
Mexico were homozygous for DQA1-L1-1. Individuals from Costa Rica showed two alleles

(DQA1-L1-1, DQA1-L1-5) yielding two genotypes. Individuals from Peru harbor three alleles
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(DQA1-L1-1, DQA1-L1-3) and two genotypes. DQA1-L1-5 and DQA1-L1-3 are private alleles
for Costa Rica and for Peru respectively. For DQA1-L2 (length = 188 bp), we found a total of
three alleles. All individuals from Mexico were homozygous for allele DQA1-L2-2. Individuals
from Costa Rica presented two alleles (DQA1-L2-2, DQA1-L2-4) and three genotypes.
Individuals from Peru were all homozygous for allele DQA1-L2-2. Allele DQA1-L2-4 is private
in Costa Rica.

For DQB1-L1 (length = 250 bp), we found only one allele across all individuals from
Mexico, Costa Rica and Peru. For DQB1-L2 (length = 247 bp), we found a total of two alleles.
All individuals from Mexico were homozygous for DQB1-L2 -2. Individuals from Costa Rica
presented two alleles (DQB1-L2 -2, DQB1-L2 -4) yielding three different genotypes. All
individuals from Peru were homozygous for DQB1-L2 -2. DQB1-L2 -4 was a private allele in
Costa Rica. For DQB1-L3 (length = 250 bp), we found a total of four different alleles.
Individuals from Mexico were all homozygous for DQB1-L3-3. Individuals from Costa Rica
presented three alleles (DQB1-L3-3, DQB1-L3-5 and DQB1-L3-7) and four different genotypes.
Individuals from Peru were all homozygous for DQB1-L3-6. Both DQB1-L3-5 and DQB1-L3-7
are private alleles in Costa Rica and DQB1-L3-6 is a private allele in Peru.

For DQB2 (length = 247 bp), we found a total of two alleles. All individuals from
Mexico were homozygous for DQB2-1. Individuals from Costa Rica showed two alleles (DQB2-
1, DQB2-2) yielding three different genotypes. All Individuals from Peru harbor two alleles
(DQB2-1, DQB2-2) for a total of two different genotypes. All individual genotypes, allele
frequencies and genotype frequencies for the different populations are reported in Supplementary

Materials Table 2-S6, 2-S7 and 2-S8, respectively.

72



In terms of heterozygosity, individuals from Mexico are homozygotes at all seven alleles.
Individuals from Peru are only heterozygotes at DQA1-L1 and DQB2. For Costa Rica there was
at least one heterozygote individual at each locus, except for DQB1-L1 which appears to be very
conserved across all geographic regions. Costa Rica presented private alleles at all loci except for
DQB1-L1 and DQB2. Peru presented private alleles at locus DQA1-L1 and DQB1-L3. Mexico

did not have private alleles at any locus. Genetic diversity results are summarized in Table 2-1.

Signatures of population structure

Both pairwise Fst analysis and AMOVA detected signatures of population structure when
comparing the three geographic regions. Fsr values were high in all our comparisons: Mexico-
Costa Rica (0.36), Mexico-Peru (.85) and Costa Rica-Peru (0.51) but they were not statistically
significant for the Mexico-Peru comparison. AMOVA results showed that most of the genetic
variation (68%) is found among populations, while 28.8% of the genetic variation is found

within populations (Table 2-2).

Amino acid sequence diversity

Our assessment of the variability in DRB nucleotide and amino acid sequences across all
individuals revealed 34 variable sites in the nucleotide sequence (34bp/245bp) that translated to
23 variable sites in the amino acid sequence (23aa/81aa) in DRBe2. Both DQA1-L1 and DQAL-
L2 presented two variable sites in the nucleotide sequence (2bp/186bp) but DQA1-L1 had only
one variable site in the amino acid sequence (1aa/62aa) while DQAL-L2 had two variable sites
(2aa/62aa). We only found one allele for DQB1-L1 across all individuals. DQB1-L2 presented

one variable site in the nucleotide sequence (1bp/247bp) and no variable sites in the amino acid
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sequence (0aa/82) (Table 2-3). DQB1-L3 had 15 variable sites in the nucleotide sequence
(15bp/250bp) and nine variable sites in the amino acid sequence (9aa/83aa). DQB2 presented
one variable site in the nucleotide sequence (1bp/247bp) which produced an amino acid change
at one site (1aa/82) (Table 2-3).

We aligned our amino acid sequences to their respective human homologue with known
ABSs and identified 24 ABS for the A. palliata DRB fragment sequenced in this study. 15 ABS
were variable in A. palliata, one was conserved in A. palliata but different from the human
sequence, and eight were conserved in both humans and howler monkeys. In both, DQA1-L1
and DQA1-L2 sequences we identified 19 ABS. For DQA1-L1 one ABS was variable in A.
palliata, five were conserved in A. palliata but distinct from the human sequence, and 13 were
conserved in both humans and howler monkeys. For DQA1-L2 two ABS were variable in A.
palliata, three were conserved in A. palliata but distinct from the human sequence, and 14 were
conserved in both humans and howler monkeys. In both DQB1-L1 and DQB1-L3 we located 25
ABS. For DQBL1-L1 eight ABS differ between A. palliata and the human homologue. There was
no ABS variability within A. palliata because only one allele was present in all individuals for
this locus. For DQB1-L3 six ABS were variable in A. palliata, seven were conserved in A.
palliata but distinct from the human sequence, and 12 were conserved in both humans and
howler monkeys (Table 2-3). We did not compare homologue human sequences to DQB?2 as it
does not code for any portion of the antigen binding groove.

We evaluated whether amino acid changes at ABS across A. palliata alleles at each locus
were radical or conservative. In DRB, we found three radical amino acid changes at positions 11,
56 and 61. No radical amino acid replacements were found for DQA1-L1 and DQAL1-L2. For

DQB1-L3 we found one radical change at position 56. For reference, we also evaluated the
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amino acid changes between A. palliata and humans. In DRB, we found five radical amino acid
changes at positions 9, 11, 13, 56 and 61. In both DQA1-L1 and DQA-L2, we found one radical
amino acid replacement at position 52. In DQB1-L1, we found two radical changes at position
55 and 61. In DQB1-L3, we found three radical changes at position 57, 89 and 90. Amino acid

sequence alignment and indexes values can be found in Figure 2-2.

Positive selection in DRB and DQB1-L3

We found evidence of positive selection in DRB and DQB1-L3. When implementing the
Z-test of Selection, we were unable to reject the neutral evolution hypothesis under the scenarios
of positive selection or purifying selection for DQA1-L1 in the overall average and in one
pairwise comparison. For DQB1-L3 we found evidence of positive selection in the pairwise
comparisons for DQB1-L3-5 and DQB1-L3-3 (p<0.05) and for DQB1-L3-5 and DQB1-L3-7
(p<0.05). Neutrality could not be rejected on the overall average test, but positive selection was
close to reach significance (p=0.07). In DRB, we found that allele DRB-3 was under positive
selection when compared to the rest of the alleles, and the neutral hypothesis was rejected under

the scenario of positive selection (p<0.05) in the overall average. (Table 2-4).

Discussion

The diversity of MHC Class Il loci in A. palliata varies across populations throughout its
distribution range. Measures of genetic diversity that are based on functional loci can provide a
better understanding of a population’s extinction risk than using neutral loci (Manlik et al. 2019,
Teixeira & Huber 2020). We analyzed samples of 57 individuals from three geographical

locations: Mexico, Costa Rica and Peru. High levels of genetic diversity are one of the hallmarks
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of MHC, however, genetic diversity results were remarkably low for the species in general but

more so for individuals from Mexico.

Why is MHC genetic diversity so low in A. palliata?

The population in Mexico had the lowest level of genetic diversity despite being the most
thoroughly sampled geographic region. All Mexican individuals were homozygotes at all seven
loci. Costa Rica and Peru were more genetically diverse. Overall Costa Rica was the most
genetically diverse geographic region, although Peru had the highest observed heterozygosity for
DQA1-L1 and DQB2 (Table 2-1). DRB is considered the most polymorphic locus from MHC
Class Il genes and studies of Neotropical primates with similar number of individuals to those
analyzed in this study have found significantly more alleles than those found in this study. A
study on Alouatta pigra, a sister taxon to A. palliata, found 21 different alleles in 49 individuals
sampled in Mexico (Arguello-Sanchéz, 2018). That level of diversity was already considered low
compared to other platyrrhine species. Studies on two other platyrrhine primates, Nancy ma’s
night monkey (Aotus nancymaae) and the common marmoset (Callithrix jacchus) reported 34
and 21 alleles, respectively (Antunes et al. 1998, Gyllensten et al. 1994). Again, both studies
analyzed samples from a smaller number of individuals than this study.

We believe that A. palliata populations that occur at lower latitudes than Mexico may
have comparable levels of genetic diversity at DRB locus to other platyrrhines. In this study we
were limited by the number of individuals for the DRB locus that were not from Mexico (N=13).
Analysis of genetic diversity at neutral loci of non-Mexican A. palliata population (Ellsworth
and Hoelzer 2006, Ruiz-Garcia et al 2007, Milton et al. 2009) reveal similar levels of neutral

genetic diversity as other Neotropical primate species such as C. jacchus (Nievergelt et al 2000,
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Malukiewicz et al 2015), Aotus azarai (Babb et al. 2011), Alouatta belzebul (Bastos et al. 2010)
and Alouatta caraya (Oklander et al. 2017). Populations of A. palliata that occur in Mexico have
extremely low levels of genetic diversity at neutral loci (Melo-Carrilo et al. 2020) that are also
seen in this study for MHC genes.

A recent comparative genomic study across 240 eutherian mammal species (Zoonomia
Consortium 2020) included an A. palliata individual from Mexico. This study also found
extremely high levels of homozygosity across the entire genome of this individual when
compared genomes of individuals of other species. It was ranked 7t for the SoH (segments of
homozygosity) metric from the 240 species. The evolutionary history of A. palliata infers an
origin in South America and subsequent migration waves that resulted in the colonization of
Central America and Mexico (Cortés-Ortiz et al., 2003; Ford, 2006). Mexican populations stand
at the forefront of this demographic expansion that likely resulted in a founder event that
decreased the genetic variability in the northernmost distribution of the species.

Only a few studies have analyzed genes DQAL, DQB1 and DQB2 genes in platyrrhines.
One study for C. jacchus found two DQAL alleles, four DQBL alleles and two DQB2 alleles in
25 individuals (Antunes et al. 1998). A more recent study by Otting et al. 2020 found eight
alleles for DQAL and three alleles for DQBL1 in 24 individuals in C. jacchus. This study also
analyzed Aotus lemurinus and Saguinus oedipus. In A. lemurinus they found three DQA1 alleles
and one DQBL1 allele across nine individuals. In S. oedipus they found five DQAL alleles in 13
individuals. Diaz et al. 2000 found five alleles for DQA1, 14 alleles for DQB1 and two alleles
for DQB2 in 19 A. nancymaae individuals. Our results are similar to the findings in other studies
when comparing diversity of DQA1, DQB1 and DQB2 genes. These genes are traditionally

considered less diverse than DRB genes. Moreover, our results from amino acid sequence
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demonstrate that these genes are more conserved than DRB sequences, even when compared

with human homologue sequences.

Selection operates differently at each locus

We found evidence for selection at DRB1 and DQB1-L3. The rest of the loci (DQAL1-L1, DQA-
L2, DQB1-L1 and DQB2) were fairly conserved across all individuals and no signatures of
selection were detected. DRB showed signatures of selection when looking at amino acid
replacements and based on the Z-test of Selection. DRB showed the most variation in amino acid
sequences in comparison to the rest of the other loci. DRB also presented the most radical
changes within A. palliata, specifically allele DRB-3 presented radical amino acid replacements
at three ABS. DRB-3 also showed signatures of positive selection when compared to the rest of
the alleles in the Z-test. DRB-3 allele was private to Costa Rica and was also the most abundant
allele in that population.

DQB1-L3 indicated signatures of positive selection in DQB1-L3-5, although neutrality
could not be rejected in an overall average. DQB1-L3 also presented a radical amino acid change
at a ABS, specifically DQB1-L3-7. This allele was in high frequency in individuals from Costa
Rica and was also a private allele for that geographical region. These results may be indicative of
local adaptation at these two loci. However, we cannot confirm the adaptive value of these
results as we do not possess information on the specific function of each allele. Studies that
evaluate the immune function of each allele and the prevalence of local pathogens could

determine the adaptability that each allele may confer.
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Population structure is mostly driven by neutral processes

Both Fst and AMOVA results support genetic differentiation between the different geographic
regions. Other studies on primate wild populations have found population structure at MHC loci
when evaluating their distribution (Schad et al. 2004, Bonhomme et al. 2007, Zhang et al. 2018).
These studies have found that selection at a local scale is the main factor for genetically
differentiating populations. However, we consider that drift maybe outweighing selection in
genetically differentiating the populations when considering all MHC class 1l loci.

From all the loci (N=6) that were included for these analyses only one (DQB1-L3)
presented signatures of positive selection. The rest of the loci appear to be evolving neutrally as
neutrality could not be statistically rejected as a explaining hypothesis. Most of the amino acid
replacements were not radical and should not significantly change the final protein product. As
mentioned earlier, all Mexican individuals were homozygous at all loci. Previous studies have
shown low levels of genetic diversity when looking at neutral genetic markers in this geographic
region concluding that founder events through its evolutionary history have shaped the current
genetic diversity (Ellsworth & Hoelzer 2006, Dunn et al. 2013, Jasso-del Toro et al. 2016, Melo
Carrillo et al. 2020). Taken together we believe that neutral processes are likely to be

outweighing selective forces in genetically differentiating A. palliata populations.

Conservation implications of low MHC genetic diversity

It is difficult to draw conclusions for the species based on our small sampling outside of Mexico.
However, it is important to acknowledge the severity of the Mexican populations’ situation. A.
palliata individuals in Mexico are listed as an endangered subspecies Alouatta palliata

mexicana. Different studies have already determined very low levels of genetic diversity in
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Mexican populations of A. palliata, based on genetic studies of neutral markers (Ellsworth &
Hoelzer 2006, Dunn et al. 2013, Jasso-del Toro et al. 2016, Melo Carrillo et al. 2020). Here, we
are also reporting very low levels of genetic diversity at a functional and highly polymorphic
genomic region. Low levels of functional genetic diversity indicate a restricted capacity to adapt
to environmental changes. Novel pathogens are particularly a big threat for the species. This is
not new for the genus as brown howler monkey (Alouatta guariba) and black and gold howler
monkey (Alouatta caraya) experienced significant population size reduction due to yellow fever
from 2007 to 2009 (Holzman et al 2010). If a similar outbreak occurred the populations of A.
palliata could be severely affected by it, particularly in Mexico. Low MHC genetic diversity
compromises a proper immune response as pathogens can go undetected and successfully infect

and individual.

Concluding remarks

We assessed the distribution and composition MHC Class Il genetic diversity in A. palliata. We
analyzed seven distinct MHC Class 11 loci and examined 58 individuals pertaining to three
distinct geographic locations (Mexico, Costa Rica and Peru). We found overall low levels of
genetic diversity across the species with all Mexican individuals (N= 38) being homozygous at
all seven loci. The three populations are genetically differentiated based on Fst and AMOVA
analyses. We found evidence of selection acting at DRB and DQB1-L3. Our small sampling
outside of Mexico may be preventing us from capturing more genetic variation. However, the
evolutionary history of this species undergoing founder events as its range expanded into Mexico
have importantly reduce the genetic diversity in this region. Low levels of functional genetic

diversity signify a reduced ability to adapt to new selective pressures ultimately threatening the
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long-term persistence of a population. Mexican populations are at a greater risk of extinction

from all the populations considered in this study.
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Tables

Table 2-1. Genetic diversity parameters per geographic region. Number of individuals (N), number of alleles (NA), number of genotypes (NG), private alleles (PA), observed
heterozygosity (HO) and expected heterozygosity (HE). These values are presented per locus and for each geographic region. NA, NG, HO and HE are also presented across all
individuals in the Total column.

Mexico Costa Rica Peru Total

N NA NG PA HO HE N NA NG PA HO HE N NA NG PA HO HE N NA NG HO HE
DRBe2 38 1 1 0 0 0 10 4 5 3 0.200 0.767 0 NA NA NA NA NA 48 4 6 0.100 0.370
DQAle2_L1 38 1 1 0 0 0 10 2 2 1 0.300 0.267 9 2 2 1 0.667 0.500 57 3 5 0.322  0.246
DQAle2_L2 38 1 1 0 0 0 10 2 3 1 0.500 0522 3 1 1 0 0 0 51 3 2 0.167  0.180

DQBle2_L1 38 1 1 0 0 0 10 1 1 0 0 0 8 1 1 0 0 0 56 1 1 0 0
DQBle2_L2 38 1 1 0 0 10 3 4 2 0.400 0.622 8 1 1 1 0 0 56 4 5 0.133  0.206
DQB2e2_L3 38 1 1 0 0 0 10 2 3 1 0.500 0522 9 1 1 0 0 0 57 2 3 0.167 0.172
DQB2e2 38 1 1 0 0 0 10 2 3 0 0.200 0344 9 2 2 0 0.500 0.392 57 2 3 0.233  0.242
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Table 2-2. AMOVA and pairwise FST results for the three different geographic locations: Mexico, Costa Rica (C.R.) and Peru. Asterisks on Fst values indicate statistical
significance based on a 95% confidence interval bootstrap and ns indicates no statistical significance.

Percentage variation

Among Within
AMOVA populations populations p value Pairwise Fsr
Mexico-C.R.-
Peru 68.00% 28.80% 0.0001 Mexico-C.R. = 0.3640*

Mexico-Peru = 0.8458"
C.R.-Peru = 0.5087*
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Table 2-3. Conservation and general information across all MHC loci. Nucleotide sequence length (SL (bp)), number of variable sites within nucleotide sequence (VS (bp)), amino
acid sequence length (SL (aa)), number of variable sites within amino acid sequence (VS (aa)), antigen binding sites within each exon (ABS), number of antigen binding sites that
are variable among A. palliata individuals (ABS VS), number of antigen binding sites that are conserved in A. palliata (ABS CSA) and number of antigen binding sites that are
conserved in both A. palliata and H. sapiens (ABS CSS).

Locus SL (bp) VS (bp) SL (aa) VS (aa) ABS ABS VS ABS CSS ABS CSA
DQA1-L1 186 2 62 1 19 5 2 12
DQA1-L2 186 2 62 2 19 5 2 12
DQB1-L1 250 NA 83 NA 25 8 NA 17
DQB1-L2 247 1 82 0 NA NA NA NA
DQB1-L3 250 15 83 9 25 6 7 12

DQB2 247 1 82 1 NA NA NA NA

DRB 245 34 81 23 24 15 1 8
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Table 2-4. Pairwise and overall average codon-based Z-test of selection. We present here P values for the rejection of the neutrality hypothesis under positive selection (dn > ds) to
the left of the slash and purifying selection (dn < ds) to the right A) DQA1-L1, B) DQB1-L3 and C) DRB. Significant values are bolded.

A)
DQA1-L1 DQA1-L1-1 DQA1-L3 DQA1-L5
DQA1-L1-1
DQA1-L1-3 0.15/1.00
DQA1-L1-5 1.00/0.15 1.00/ 0.25
Overall average 1.00/0.25
B)
DQB1_L3 DQB1_L3-3 DQB1_L3-5 DQB1_L3-6  DQB1_L3-7
DQB1_L3-3
DQB1_L3-5 0.02/1.00
DQB1 L3-6 0.23/1.00 0.34/1.00
DQB1_L3-7 0.36/1.00 0.03/1.00 0.21/1.00
Overall average 0.07/1.00
C)
DRB DRB-1 DRB-2 DRB-3 DRB-4
DRB-1
DRB-2 0.07 /1.00
DRB-3 0.00/1.00 0.00/1.00
DRB-4 1.00/0.23 1.00/0.37 0.02/1.00
Overall average 0.03/1.00
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Figures

The green rectangle shows a close-up of the location of the nine different groups that were sampled in Mexico.

Figure 2-1. The three main sampling locations in Mexico, Costa Rica and Peru are indicated by red circles. The green shading represents the disjunct distribution of A. palliata.
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Figure 2-2. Amino acid sequence alignment and antigen binding sites. For A) DQA1-L1, B) DQA1-L2, C) DQB1-L1, D) DQB1-L3 and E) DRB. A. palliata sequences are aligned
to a human consensus sequence (on top). Site numbering is based on the human sequence. Antigen binding sites are indicated by red circles. 1.1.V. (Intraspecific Index Value)

indicates the highest amino acid dissimilarity index value among A. palliata alleles. E. 1. V (intErspecific Index Value) indicates the highest amino acid dissimilarity index value
comparing A. palliata alleles to the human reference sequence.
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Supplementary Materials

Table 2-S5. Read numbers after filtering steps. This table contains the minimum (Min.) and maximum (Max.) number of reads per sample, the average number of reads across all
samples and the total number of reads in 116 samples. The total number of samples is 116 as we had duplicates for each individual (58 total individuals).

Filtering step Min. Max. Average Total
Initial number of reads 3,745 46,737 7,486 868,376
Quality filter (phred >20) 2,287 45,378 5,602 649,832
Merging sequences 2,190 43,610 5,346 620,136
Fragment size (>130 bp) 768 29,800 2,684 311,344
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Table 2-S6. Individual genotypes. In the first and second column we present the individual identification code and geographic location respectively. The rest of the columns
contain the alleles found in each locus. The different loci are indicated on the top row. Missing data is indicated as NA.
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Individual
Species 1D DQA1-L1 DQA1-L2 DQB1-L1 DQB1-L2 DQB1-L3 DQB2 DRB

A. palliata S-001 DQA1-L1-1 DQA1-L1-1 DQA1-L2-2 DQA1-L2-2 DQB1-L1-1 DQB1-L1-1 DQB1-L2-2 DQB1-1L2-2 DQB1-L3-3 DQB1-L3-3 DQB2-1 DQB2-1 DRB-1 DRB-1
A. palliata S-002 DQA1-L1-1 DQA1-L1-1 DQA1-12-2 DQA1-L2-2 DQB1-L1-1 DQB1-L1-1 DQB1-L2-2 DQB1-L2-2 DQB1-L3-3 DQB1-L3-3 DQB2-1 DQB2-1 DRB-1 DRB-1
A. palliata S-003 DQA1-L1-1 DQA1-L1-1 DQA1-12-2 DQA1-L2-2 DQB1-L1-1 DQB1-L1-1 DQB1-L2-2 DQB1-12-2 DQB1-L3-3 DQB1-13-3 DQB2-1 DQB2-1 DRB-1 DRB-1
A. palliata S-004 DQA1-L1-1 DQA1-L1-1 DQA1-L2-2 DQA1-L2-2 DQB1-L1-1 DQB1-L1-1 DQB1-L2-2 DQB1-1L2-2 DQB1-L3-3 DQB1-L3-3 DQB2-1 DQB2-1 DRB-1 DRB-1
A. palliata S-005 DQA1-L1-1 DQA1-L1-1 DQA1-12-2 DQA1-L2-2 DQB1-L1-1 DQB1-L1-1 DQB1-L2-2 DQB1-L2-2 DQB1-L3-3 DQB1-13-3 DQB2-1 DQB2-1 DRB-1 DRB-1
A. palliata S-087 DQA1-L1-1 DQA1-L1-1 DQA1-12-2 DQA1-L2-2 DQB1-L1-1 DQB1-L1-1 DQB1-L2-2 DQB1-12-2 DQB1-L3-3 DQB1-13-3 DQB2-1 DQB2-1 DRB-1 DRB-1
A. palliata 5-088 DQA1-L1-1 DQA1-L1-1 DQA1-L2-2 DQA1-L2-2 DQB1-L1-1 DQB1-L1-1 DQB1-L2-2 DQB1-1L2-2 DQB1-L3-3 DQB1-L3-3 DQB2-1 DQB2-1 DRB-1 DRB-1
A. palliata S-089 DQA1-L1-1 DQA1-L1-1 DQA1-12-2 DQA1-L2-2 DQB1-L1-1 DQB1-L1-1 DQB1-L2-2 DQB1-L2-2 DQB1-L3-3 DQB1-13-3 DQB2-1 DQB2-1 DRB-1 DRB-1
A. palliata S-090 DQA1-L1-1 DQA1-L1-1 DQA1-12-2 DQA1-L2-2 DQB1-L1-1 DQB1-L1-1 DQB1-L2-2 DQB1-L2-2 DQB1-L3-3 DQB1-13-3 DQB2-1 DQB2-1 DRB-1 DRB-1
A. palliata S-091 DQA1-L1-1 DQA1-L1-1 DQA1-L2-2 DQA1-L2-2 DQB1-L1-1 DQB1-L1-1 DQB1-L2-2 DQB1-12-2 DQB1-L3-3 DQB1-L3-3 DQB2-1 DQB2-1 DRB-1 DRB-1
A. palliata S-092 DQA1-L1-1 DQA1-L1-1 DQA1-12-2 DQA1-L2-2 DQB1-L1-1 DQB1-L1-1 DQB1-L2-2 DQB1-L2-2 DQB1-L3-3 DQB1-13-3 DQB2-1 DQB2-1 DRB-1 DRB-1
A. palliata S-143 DQA1-L1-1 DQA1-L1-1 DQA1-12-2 DQA1-L2-2 DQB1-L1-1 DQB1-L1-1 DQB1-L2-2 DQB1-12-2 DQB1-L3-3 DQB1-13-3 DQB2-1 DQB2-1 DRB-1 DRB-1
A. palliata S-144 DQA1-L1-1 DQA1-L1-1 DQA1-L2-2 DQA1-L2-2 DQB1-L1-1 DQB1-L1-1 DQB1-L2-2 DQB1-1L2-2 DQB1-L3-3 DQB1-L3-3 DQB2-1 DQB2-1 DRB-1 DRB-1
A. palliata S-145 DQA1-L1-1 DQA1-L1-1 DQA1-12-2 DQA1-L2-2 DQB1-L1-1 DQB1-L1-1 DQB1-L2-2 DQB1-L2-2 DQB1-L3-3 DQB1-13-3 DQB2-1 DQB2-1 DRB-1 DRB-1
A. palliata S-146 DQA1-L1-1 DQA1-L1-1 DQA1-12-2 DQA1-L2-2 DQB1-L1-1 DQB1-L1-1 DQB1-L2-2 DQB1-12-2 DQB1-L3-3 DQB1-13-3 DQB2-1 DQB2-1 DRB-1 DRB-1
A. palliata S-147 DQA1-L1-1 DQA1-L1-1 DQA1-L2-2 DQA1-L2-2 DQB1-L1-1 DQB1-L1-1 DQB1-L2-2 DQB1-12-2 DQB1-L3-3 DQB1-L3-3 DQB2-1 DQB2-1 DRB-1 DRB-1
A. palliata S$-172 DQA1-L1-1 DQA1-L1-1 DQA1-12-2 DQA1-L2-2 DQB1-L1-1 DQB1-L1-1 DQB1-L2-2 DQB1-L2-2 DQB1-L3-3 DQB1-13-3 DQB2-1 DQB2-1 DRB-1 DRB-1
A. palliata S-173 DQA1-L1-1 DQA1-L1-1 DQA1-12-2 DQA1-L2-2 DQB1-L1-1 DQB1-L1-1 DQB1-L2-2 DQB1-L2-2 DQB1-L3-3 DQB1-13-3 DQB2-1 DQB2-1 DRB-1 DRB-1
A. palliata S-174 DQA1-L1-1 DQA1-L1-1 DQA1-L2-2 DQA1-L2-2 DQB1-L1-1 DQB1-L1-1 DQB1-L2-2 DQB1-1L2-2 DQB1-L3-3 DQB1-L3-3 DQB2-1 DQB2-1 DRB-1 DRB-1
A. palliata S-175 DQA1-L1-1 DQA1-L1-1 DQA1-12-2 DQA1-L2-2 DQB1-L1-1 DQB1-L1-1 DQB1-L2-2 DQB1-L2-2 DQB1-L3-3 DQB1-13-3 DQB2-1 DQB2-1 DRB-1 DRB-1
A. palliata S-176 DQA1-L1-1 DQA1-L1-1 DQA1-12-2 DQA1-L2-2 DQB1-L1-1 DQB1-L1-1 DQB1-L2-2 DQB1-12-2 DQB1-L3-3 DQB1-13-3 DQB2-1 DQB2-1 DRB-1 DRB-1
A. palliata S-204 DQA1-L1-1 DQA1-L1-1 DQA1-L2-2 DQA1-L2-2 DQB1-L1-1 DQB1-L1-1 DQB1-L2-2 DQB1-1L2-2 DQB1-L3-3 DQB1-L3-3 DQB2-1 DQB2-1 DRB-1 DRB-1
A. palliata S-205 DQA1-L1-1 DQA1-L1-1 DQA1-12-2 DQA1-L2-2 DQB1-L1-1 DQB1-L1-1 DQB1-L2-2 DQB1-L2-2 DQB1-L3-3 DQB1-13-3 DQB2-1 DQB2-1 DRB-1 DRB-1
A. palliata S-206 DQA1-L1-1 DQA1-L1-1 DQA1-12-2 DQA1-L2-2 DQB1-L1-1 DQB1-L1-1 DQB1-L2-2 DQB1-L2-2 DQB1-L3-3 DQB1-13-3 DQB2-1 DQB2-1 DRB-1 DRB-1
A. palliata S$-207 DQA1-L1-1 DQA1-L1-1 DQA1-L2-2 DQA1-L2-2 DQB1-L1-1 DQB1-L1-1 DQB1-L2-2 DQB1-12-2 DQB1-L3-3 DQB1-L3-3 DQB2-1 DQB2-1 DRB-1 DRB-1
A. palliata S-208 DQA1-L1-1 DQA1-L1-1 DQA1-12-2 DQA1-L2-2 DQB1-L1-1 DQB1-L1-1 DQB1-L2-2 DQB1-L2-2 DQB1-L3-3 DQB1-13-3 DQB2-1 DQB2-1 DRB-1 DRB-1
A. palliata S-209 DQA1-L1-1 DQA1-L1-1 DQA1-12-2 DQA1-L2-2 DQB1-L1-1 DQB1-L1-1 DQB1-L2-2 DQB1-12-2 DQB1-L3-3 DQB1-13-3 DQB2-1 DQB2-1 DRB-1 DRB-1
A. palliata 5-608 DQA1-L1-1 DQA1-L1-1 DQA1-L2-2 DQA1-L2-2 DQB1-L1-1 DQB1-L1-1 DQB1-L2-2 DQB1-1L2-2 DQB1-L3-3 DQB1-L3-3 DQB2-1 DQB2-1 DRB-1 DRB-1
A. palliata S-609 DQA1-L1-1 DQA1-L1-1 DQA1-12-2 DQA1-L2-2 DQB1-L1-1 DQB1-L1-1 DQB1-L2-2 DQB1-L2-2 DQB1-L3-3 DQB1-13-3 DQB2-1 DQB2-1 DRB-1 DRB-1
A. palliata S-610 DQA1-L1-1 DQA1-L1-1 DQA1-12-2 DQA1-L2-2 DQB1-L1-1 DQB1-L1-1 DQB1-L2-2 DQB1-12-2 DQB1-L3-3 DQB1-13-3 DQB2-1 DQB2-1 DRB-1 DRB-1
A. palliata S-611 DQA1-L1-1 DQA1-L1-1 DQA1-L2-2 DQA1-L2-2 DQB1-L1-1 DQB1-L1-1 DQB1-L2-2 DQB1-1L2-2 DQB1-L3-3 DQB1-L3-3 DQB2-1 DQB2-1 DRB-1 DRB-1
A. palliata S-612 DQA1-L1-1 DQA1-L1-1 DQA1-12-2 DQA1-L2-2 DQB1-L1-1 DQB1-L1-1 DQB1-L2-2 DQB1-L2-2 DQB1-L3-3 DQB1-13-3 DQB2-1 DQB2-1 DRB-1 DRB-1
A. palliata S-613 DQA1-L1-1 DQA1-L1-1 DQA1-12-2 DQA1-L2-2 DQB1-L1-1 DQB1-L1-1 DQB1-L2-2 DQB1-12-2 DQB1-L3-3 DQB1-13-3 DQB2-1 DQB2-1 DRB-1 DRB-1
A. palliata S-614 DQA1-L1-1 DQA1-L1-1 DQA1-L2-2 DQA1-L2-2 DQB1-L1-1 DQB1-L1-1 DQB1-L2-2 DQB1-1L2-2 DQB1-L3-3 DQB1-L3-3 DQB2-1 DQB2-1 DRB-1 DRB-1
A. palliata S-615 DQA1-L1-1 DQA1-L1-1 DQA1-12-2 DQA1-L2-2 DQB1-L1-1 DQB1-L1-1 DQB1-L2-2 DQB1-L2-2 DQB1-L3-3 DQB1-13-3 DQB2-1 DQB2-1 DRB-1 DRB-1
A. palliata S-617 DQA1-L1-1 DQA1-L1-1 DQA1-12-2 DQA1-L2-2 DQB1-L1-1 DQB1-L1-1 DQB1-L2-2 DQB1-12-2 DQB1-L3-3 DQB1-13-3 DQB2-1 DQB2-1 DRB-1 DRB-1
A. palliata 5-618 DQA1-L1-1 DQA1-L1-1 DQA1-L2-2 DQA1-L2-2 DQB1-L1-1 DQB1-L1-1 DQB1-L2-2 DQB1-1L2-2 DQB1-L3-3 DQB1-L3-3 DQB2-1 DQB2-1 DRB-1 DRB-1
A. palliata S-030 DQA1-L1-1 DQA1-L1-1 DQA1-12-2 DQA1-L2-2 DQB1-L1-1 DQB1-L1-1 DQB1-L2-2 DQB1-L2-2 DQB1-L3-5 DQB1-L3-5 DQB2-2 DQB2-2 DRB-2 DRB-2
A. palliata S-031 DQA1-L1-1 DQA1-L1-1 DQA1-12-2 DQA1-L2-4 DQB1-L1-1 DQB1-L1-1 DQB1-L2-2 DQB1-L2-4 DQB1-L3-3 DQB1-L3-7 DQB2-1 DQB2-1 DRB-1 DRB-3
A. palliata S$-032 DQA1-L1-1 DQA1-L1-5 DQA1-L2-4 DQA1-L2-4 DQB1-L1-1 DQB1-L1-1 DQB1-L2-4 DQB1-L2-4 DQB1-L3-3 DQB1-L3-7 DQB2-1 DQB2-2 DRB-1 DRB-3
A. palliata S-033 DQA1-L1-1 DQA1-L1-1 DQA1-12-2 DQA1-L2-2 DQB1-L1-1 DQB1-L1-1 DQB1-L2-2 DQB1-12-2 DQB1-L3-3 DQB1-L3-3 DQB2-1 DQB2-1 DRB-1 DRB-4
A. palliata S-034 DQA1-L1-1 DQA1-L1-5 DQA1-12-4  DQA1-L2-4 DQB1-L1-1 DQB1-L1-1 DQB1-L2-4 DQB1-L2-4 DQB1-L3-3 DQB1-L3-7 DQB2-1 DQB2-2 DRB-2 DRB-3
A. palliata S-035 DQA1-L1-1 DQA1-L1-1 DQA1-L2-2 DQA1-L2-4 DQB1-L1-1 DQB1-L1-1 DQB1-L2-2 DQB1-L2-4 DQB1-L3-7 DQB1-L3-7 DQB2-1 DQB2-1 DRB-1 DRB-3
A. palliata S-036 DQA1-L1-1 DQA1-L1-1 DQA1-12-2 DQA1-L2-4 DQB1-L1-1 DQB1-L1-1 DQB1-L2-2 DQB1-L2-4 DQB1-L3-7 DQB1-L3-7 DQB2-1 DQB2-1 DRB-1 DRB-3
A. palliata S-037 DQA1-L1-1 DQA1-L1-1 DQA1-12-2 DQA1-L2-4 DQB1-L1-1 DQB1-L1-1 DQB1-L2-2 DQB1-12-4 DQB1-L3-3 DQB1-13-3 DQB2-1 DQB2-1 DRB-4 DRB-3
A. palliata S-038 DQA1-L1-1 DQA1-L1-5 DQA1-L2-2 DQA1-L2-2 DQB1-L1-1 DQB1-L1-1 DQB1-L2-2 DQB1-1L2-2 DQB1-L3-3 DQB1-L3-3 DQB2-1 DQB2-1 DRB-1 DRB-4
A. palliata S-039 DQA1-L1-1 DQA1-L1-1 DQA1-12-2 DQA1-L2-4 DQB1-L1-1 DQB1-L1-1 DQB1-L2-2 DQB1-L2-4 DQB1-L3-3 DQB1-L3-7 DQB2-1 DQB2-1 DRB-2 DRB-3
A. palliata Peru-A2 DQA1-L1-1 DQA1-11-3 DQA1-12-2 DQA1-L2-2 DQB1-L1-1 DQB1-L1-1 DQB1-L2-2 DQB1-12-2 DQB1-L3-6 DQB1-L3-6 DQB2-2 DQB2-2 DRB-1 DRB-3
A. palliata Peru-A4 DQA1-L1-1 DQA1-L1-3 NA NA DQB1-L1-1 DQB1-L1-1 DQB1-L2-2 DQB1-1L2-2 NA NA DQB2-2 DQB2-2 NA NA

A. palliata Peru-A5 DQA1-L1-1 DQA1-L1-1 NA NA DQB1-L1-1 DQB1-L1-1 DQB1-L2-2 DQB1-L2-2 DQB1-L3-6 DQB1-L3-6 DQB2-1 DQB2-2 NA NA

A. palliata Peru-A10 DQA1-L1-3 DQA1-11-3 NA NA DQB1-L1-1 DQB1-L1-1 DQB1-L2-2 DQB1-12-2 DQB1-L3-6 DQB1-L3-6 DQB2-2 DQB2-2 NA NA

A. palliata Peru-Al6 DQA1-L1-1 DQA1-L1-3 NA NA NA NA NA NA DQB1-L3-6 DQB1-L3-6 NA NA NA NA



A. palliata
A. palliata
A. palliata
A. palliata
A. palliata

Peru-G1

Peru-G5

Peru-G6
Peru-G11
Peru-G24

NA
DQA1-L1-3
DQA1-11-3
DQA1-11-3
DQA1-L1-1

NA
DQA1-11-3
DQA1-11-3
DQA1-11-3
DQA1-11-3

NA

NA

NA
DQA1-12-2
DQA1-12-2

NA

NA

NA
DQA1-12-2
DQA1-12-2

DQB1-L1-1
NA
DQB1-L1-1
DQB1-L1-1
DQB1-L1-1

DQB1-L1-1
NA
DQB1-L1-1
DQB1-L1-1
DQB1-L1-1
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DQB1-12-2
NA
DQB1-12-2
DQB1-L2-2
DQB1-12-2

DQB1-12-2
NA
DQB1-12-2
DQB1-12-2
DQB1-12-2

DQB1-L3-6
DQB1-L3-6
DQB1-13-6
DQB1-L3-6
DQB1-13-6

DQB1-13-6
DQB1-13-6
DQB1-13-6
DQB1-L3-6
DQB1-13-6

DQB2-1
DQB2-2
DQB2-1
DQB2-1
DQB2-2

DQB2-2
DQB2-2
DQB2-2
DQB2-2
DQB2-2

NA
NA
NA
NA
NA

NA
NA
NA
NA
NA



Table 2-S7. Allele frequencies per geographic regions.

Allele Mexico Costa Rica Peru
DRB-1 1 0.3 NA
DRB-2 0 0.2 NA
DRB-3 0 0.35 NA
DRB-4 0 0.15 NA
DQA1-L1-1 1 0.85 0.33
DQA1-L1-3 0 0 0.67
DQA1-L1-5 0 0.15 0
DQA1-L2-2 1 0.55 1
DQA1-L2-4 0 0.45 0
DQB1-L1-1 1 1 1
DQB1-L2-2 1 0.55 1
DQB1-L2-4 0 0.45 0
DQB1-L3-3 1 0.5 0
DQB1-L3-5 0 0.1 0
DQB1-L3-6 0 0 1
DQB1-L3-7 0 0.4 0
DQB2-1 1 0.8 0
DQB2-2 0 0.2 1
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Table 1-S8. Genotype frequencies per geographic regions.

Genotype Mexico Costa Rica Peru
DRB-1/DRB-1 1 0 NA
DRB-1/DRB-3 0 0.4 NA
DRB-1/DRB-4 0 0.2 NA
DRB-2/DRB-2 0 0.1 NA
DRB-2/DRB-3 0 0.2 NA
DRB-3/DRB-4 0 0.1 NA

DQA1-L1-1/DQA1-L1-1 1 0.7 0
DQA1-L1-1/DQA1-L1-5 0 0.3 0
DQA1-L1-1/DQA1-L1-3 0 0 0.67
DQA1-L1-3/DQA1-L1-3 0 0 0.33
DQA1-L2-2/DQA1-L2-2 1 0.3 1
DQA1-L2-2/DQA1-L2-4 0 0.5 0
DQA1-L2-4/DQA1-L2-4 0 0.2 0
DQB1-L1-1/DQB1-L1-1 1 1 1
DQB1-L2-2/DQB1-L2-2 1 0.3 1
DQB1-L2-2/DQB1-L2-4 0 0.5 0
DQB1-L2-4/DQB1-L2-4 0 0.2 0
DQB1-L3-3/DQB1-L3-3 1 0.3 0
DQB1-L3-3/DQB1-L3-7 0 0.4 0
DQB1-L3-5/DQB1-L3-5 0 0.1 0
DQB1-L3-6/DQB1-L3-6 0 0 1
DQB1-L3-7/DQB1-L3-7 0 0.2 0
DQB2-1/DQB2-1 1 0.7 0
DQB2-1/DQB2-2 0 0.2 0
DQB2-2/DQB2-2 0 0.1 1
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Chapter 3: Asymmetric and Increased Introgression at MHC Loci in a Primate Hybrid Zone

Abstract

When distributions of two genetically divergent lineages overlap and they breed and produce
fertile offspring a hybrid zone is formed. Hybridization may result in introgression, which is the
transfer of genetic material into a heterospecific genomic background. Studies on human
evolution have found evidence of ancestral hybridization as a source of adaptive genetic
variation, specifically for immune-related genes. However, relevant empirical data is missing
from studies of observable hybridization. We use a non-human primate hybrid zone, the Alouatta
hybrid zone (A. palliata x A. pigra), to evaluate introgression at the Major Histocompatibility
Complex (MHC), a genomic region fundamental to adaptive immunity. We analyzed a total of
124 wild individuals (A. palliata (N=37), A. pigra (N=38) and individuals within the hybrid zone
(N=49)) at seven MHC loci (DQA1-L1, DQA1-L2, DQB1-L1, DQB1-L2, DQB1-L3, DQB2 and
DRB). We compared introgression at MHC loci to neutral expectations derived from a panel of
24 neutral markers (microsatellites). We found asymmetric introgression from A. palliata into A.
pigra at all seven loci but not in the other direction. Moreover, we found that alleles at five loci
were introgressing significantly differently from neutral expectations. DQA1-L1 (p=0.01),
DQAL-L2 (p=0.00), DQB1-L1 (p=0.04) and DQB2 (p=0.02) presented introgression concordant
with over-dominance while DQB1-L2 (p=0.01) pattern of introgression was concordant with

under-dominance. We believe selection is maintaining A. palliata alleles in the genomic

98



background of A. pigra. Taken together our results provide evidence of the potential of
hybridization as a source of adaptive variation.

Introduction

The Major Histocompatibility Complex (MHC) is a multigene family that plays a key role in
adaptive immunity (Gorer et al. 1948; Hughes and Yeager 1998; Dawkins et al. 1999; Beck and
Trowsdale 2000; Klein et al. 2007). The MHC represents the most polymorphic and gene dense
region known in mammals (Kelley et al. 2005). Because of its role in pathogen recognition,
MHC extreme polymorphism has been hypothesized to be a result of balancing selection
imposed by pathogens (Doherty and Zinkernagel 1975; Jeffery and Bangham 2000; Bernatchez
and Landry 2003). As genetic variability is maintained in MHC, natural selection favors novel
genetic variants (Ejsmond & Radwan 2015). We hypothesize that introgression, through species
hybridization, may be an important source of genetic variation that is potentially adaptive for
MHC genes. What distinguishes introgression from other sources of genetic variation (standing
variation, mutation and intraspecific geneflow) is the higher probability of incorporating a
potentially adaptive allele in a genomic region where genetic variability is favored. The first
reason is the ready access to a larger collection of genetic variants in contrast with the variability
that mutation alone can create and the time it will require to do so. The other reason is the higher
probability of incorporating a functional novel genetic variant when compared to intraspecific
geneflow or standing variation. Not only this variation would be novel but also functionally
divergent. Both, intraspecific geneflow and standing variation, by definition, are less likely to

confer a novel genetic variation than interspecific geneflow.
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Different studies have shown that introgression can in fact serve as a source of adaptive
genetic variation (Rieseberg 2011; Hedrick 2013; Suarez-Gozalez et al. 2018). Most of these
studies showcase particular cases in which a specific selective force (herbivore resistant
(Whitney et al. 2015; Le Corre et al. 2020), pesticide resistance (Song et al. 2012), Mullerian
mimicry (Pardo-Diaz et al. 2012) maintain heterospecific variants in the recipient species.
However, introgression in genes in which variability is favored (e.g., MHC, cds gene, S -self-
incompatibility- gene) should not be case or taxa dependent but more of a generalized pattern.
Studies on different non-model organisms have provided evidence that supports introgression at
MHC genes (Grossen et al. 2014; Sagonas et al. 2018; Dudek et al. 2019; Pohjoisméki et al.
2021; Simkova et al. 2021; Talarico et al. 2021). Also, introgression has been reported on human
HLA (Human Leukocyte Antigen) genes, the human version of MHC, as a result of archaic
hybridization (Abi-Rached et al. 2011; Racimo et al. 2015; Zhang et al 2020; but see Yasukochi
& Ohashi 2017). Human MHC introgression studies are based on ancient admixture inferences
as hybridization with archaic hominins is no longer observable. However, current primate hybrid
zones present an opportunity to empirically assess the effect of hybridization on the genetic
variation of MHC in the context of human evolution given the close phylogenetic relationship.

Alouatta palliata and Alouatta pigra are sister species that hybridize in southern Mexico.
These species display notable differences in their ecology, morphology (Kelaita and Cortés -
Ortiz 2013), behavior (Kappeler and Schaik 2002), and general genetic composition (Cortés-
Ortiz 2003; Steinberg et al. 2014). They diverged about 3 MYA (Cortés -Ortiz et al. 2003) and
share a complex evolutionary history involving a series of invasion waves from South America
into Central America that defined their current distribution (Ford 2006). A. palliata ranges from

northwestern Peru through the Pacific coast of northern South America up to southeast Mexico,
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while A. pigra has a more restricted distribution, constrained to the Yucatan peninsula (Mexico,
Belize and Northern Guatemala) (Barrueta-Rath et al 2003; Estrada et al 2002). Despite their
mostly parapatric distribution, these species have a small area of overlap in the state of Tabasco,
Mexico. Hybridization has been documented with viable and fertile offspring resulting in a
narrow hybrid zone (Cortes -Ortiz et al. 2007). Hybrid individuals show a spectrum of
phenotypes that correlate with their genomic background (Kelaita et al. 2011; Kelaita and Cortés
-Ortiz 2013; Ho et al. 2014; Kitchen et al. 2019). Moreover, F1 hybrids have not been found in
the hybrid zone but backcrossing has been substantial (Cortés -Ortiz et al. 2007; Kelaita et al.
2011; Kelaita and Cortés -Ortiz 2013; Cortés —Ortiz et al. 2015). Genome wide analyses in the
Alouatta hybrid zone have revealed reduced introgression for loci residing in the X-chromosome,
hinting at a role in reproductive isolation (Cortés —Ortiz et al. 2018; Baiz et al. 2020). These
same studies have also shown differential introgression across the genome, indicating that some
alleles have decreased or increased introgression on different loci when compared to neutral
expectations. We predict that MHC alleles will show increased introgression when compared to
neutrality.

Our aim was to evaluate the effect of hybridization on the genetic diversity of MHC
genes in the Alouatta hybrid zone and assess introgression at MHC loci. We genotyped a total of
124 individuals (37 A. palliata individuals, 38 A. pigra individuals and 49 admixed individuals)
at seven different MHC Class Il loci (DQA1 exon 2 locus 1, DQA1 exon 2 locus 2, DQB1 exon
2 locus 1, DQBL1 exon 2 locus 2, DQBL1 exon 2 locus 3, DQB2 exon 2 and DRB exon 2) using
high-throughput sequencing. We compared genetic diversity levels of both parental populations
to admixed individuals. Admixture levels, proportion of each parental population ancestry in

admixed individuals, were previously determined using a collection of 24 polymorphic neutral
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markers (microsatellites) (Cortés —Ortiz et al. 2018). Using these same microsatellites, we
constructed neutral introgression expectation and compared the introgression patterns of MHC
loci to determine differential introgression. The results from this study highlight the role of
hybridization as a source of genetic variation that can potentially be adaptive based on empirical

evidence from a current primate hybrid zone.

Methods

Sampling and DNA extraction
We analyzed blood samples from a total of 124 wild Alouatta individuals located in
geographically distinct groups. We included in our analysis 37 samples from A. palliata (nine
groups), 38 samples from A. pigra (16 groups) and 49 samples from individuals within the
hybrid zone (29 groups) (Figure 3-1). A. palliata and A. pigra individuals are referred as to
parental populations. Individuals from both parental populations are considered non-admixed
based on the significant geographical distance from the hybrid zone and previous admixture
analyses (Cortés-Ortiz et al. 2019). Samples were collected between 1998 and 2010. Details for
the collection of samples can be found in Cortés-Ortiz et al. (2003, 2019) and Kelaita et al.
(2011).

We extracted DNA from blood samples using the DNeasy Blood & Tissue Kit (Qiagen,
Valencia, CA). We followed manufacturer’s protocol for DNA extraction kits. We quantified
DNA concentration in a Qubit 4 Fluorometer and using Qubit dsDNA high-sensitivity assay

(Invitrogen, Carlsbad, CA). All samples were standardized at a DNA concentration of 5 ng/pl.
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Microsatellite amplification and genotyping

We used a published data set on the same individuals (Nidiffer and Cortés-Ortiz 2015) that
implemented a panel of 24 polymorphic microsatellites (Supplementary Information Table 3-
S4). Samples were sequenced at the University of Michigan Sequencing Core and alleles were
scored using GeneMarker V 1.5. Details of the genotyping process and amplification conditions

can be found in Nidiffer and Cortés-Ortiz 2015 and Cortés-Ortiz et al. 2019.

MHC amplification and Next Generation Sequencing Library Preparation

We performed PCRs using previously published primers targeting partial sequences of three
different exons: DRB exon 2 (DRB), DQA1 exon 2 (DQA1) and DQB1 (DQB1) exon 2 (Tiercy
et al. 1990, Gyllensten & Elrich 1988 and Yasunaga et al. 1996). As previously reported (Diaz et
al 2000) the set of primers used for DQBL1 also co-amplified DQB2. Moreover, duplications were
detected in both DQAL and DQBL, resulting in two and three distinct loci respectively (as
explained in Chapter I). In total we amplified seven MHC loci: DRB, DQA1-2L1, DQA1-L2,
DQB1-L1, DQB1-L2, DQB1-L3 and DQB?2.

We followed the 16S protocol from Illumina (I1lumina 2013) for next generation
sequencing library preparation with modifications. Briefly, the protocol consists in a PCR to
amplify the product of interest, and another PCR to attach labeling indexes to the sequences
generated in the first PCR. The final products are pooled in equimolar DNA concentrations for
sequencing. We modified the first stage PCR to a 3-phase Touch-Down with an initial
denaturing temperature of 95 °C for 5 minutes, followed by two cycles of 94 °C for 30 sec,
annealing temperature (55 °C for DQA1, 60 °C for DQB1 and DQB?2, 68 °C for DRB) for 30 sec

and 72 °C for 30 seconds (phase 1); two cycles of 94 °C for 30 sec, annealing temperature (50 °C
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for DQAL, 55 °C for DQB1 and DQB2, 63 °C for DRB) for 30 sec and 72 °C for 30 seconds
(phase 2); 30 cycles of 94 °C for 30 sec, annealing temperature (48 °C for DQAL, 52 °C for
DQB1 and DQB2, 58 °C for DRB) for 30 sec and 72 °C for 30 seconds (phase 3) and a final
extension at 72 °C for 10 minutes. PCR total volume was 20 pl and included 5.5 pl of ultrapure
water, 1 pl of forward primer at 10 uM, 1 pl of reverse primer at 10 uM, 10 ul of Q5 Hot Start
High-Fidelity 2X Master Mix (NEB, Ipswich, MA) and 2.5 pl of DNA at Sng/p. For the second
(Index) PCR, our total reaction volume was 25 pl: 4 pl of ultrapure water, 3 pl of Nextera XT
Index Primer 1 (Illumina, San Diego, CA), 3 ul of Nextera XT Index Primer 2 (Illumina, San
Diego, CA), 12.5 ul of Q5 Hot Start High-Fidelity 2X Master Mix (NEB, Ipswich, MA) and 2.5
ul of product from the first PCR. Samples were labeled with unique index combinations for
individual identification.

Products of the indexed PCRs were quantified using fluorometric DNA quantification
using the Qubit dsDNA high-sensitivity assay, diluted to a concentration of 4nM, and then
pooled together. We amplified and sequenced all samples in duplicate. Duplicates were
amplified in independent PCRs and sequenced on different sequencing runs. We submitted our
libraries for 250 bp pair-end MiSeq Nano 500 sequencing (lllumina, San Diego, CA) at The

University of Michigan Advanced Genomics Core.

MHC genotyping
We filtered out raw sequences that had a phred score lower than 20 using Trimmomatic (Bolger
et al. 2014). We merged pair-end sequences using FLASH (Magoc & Salzberg 2011) keeping

default parameters and filtered sequences based on size (retaining fragments>130 bp) using
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PRINSEQ (Schmieder & Edwards 2011) to eliminate sequences that were not within the range of
expected size.

We created an R function to determine preliminary genotypes for each individual at each
locus. This function ranks all the unique reads of a particular locus by frequency in each
individual, eliminates all singletons, trims primers, and calculates the relative frequency of each
unique read to the total number of reads in the individual. Once we determined individual
putative alleles, we identified and eliminated chimeric sequences manually by aligning all
sequences of each locus and evaluating for the distribution of the variable sites in the aligned
sequences. Chimeric sequences were defined as sequences that combined two parental sequences
that were found in high frequency within an individual. All putative alleles that remained after
removing chimeras were confirmed as MHC-DQ and MHC-DRB sequences comparing sequence
identity to other published MHC-DQQ and MHC-DRB sequences of closely related taxa using
BLAST. Following the protocol of Sommer et al. 2013 we determined the final genotypes.
Briefly, to call true alleles we i) identified high frequency putative alleles in and individual, ii)
corroborated allele presence in the duplicate, and iii) confirm that the frequency of each potential

true allele sequence was higher than any known artifact (e.g., singletons, chimeras).

MHC genetic diversity

We calculated number of alleles for each population (the two parental populations and the
admixed population) and determined shared alleles. We also calculated expected and observed
heterozygosity using GenoDive (Meirmans 2020). Expected and observed heterozygosity were
estimated for all seven MHC loci excluding DQB1-L3 given the uncertainty of gene copy

numbers at this locus for A. pigra individuals.
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Admixture analyses

Individuals within the hybrid zone were assigned a hybrid index value indicating the proportion
of genomic ancestry from either parental population. The hybrid index is based on the allele
frequencies at each microsatellite locus for each parental species, where a value of 1 represents
an A. pigra individual and a value of 0 represents an A. palliata individual (as detailed in Cortes-
Ortiz et al. 2019). Previous studies on the Alouatta hybrid zone (Cortés-Ortiz et al. 2019, Baiz et
al. 2020) have revealed a bimodal distribution in terms of ancestry for the admixed individuals
(Supplementary Material Figure 3-S4). This means that most of the individuals within the hybrid
zone have either a very similar genomic background to A. pigra (a hybrid index value close to 1)
or to A. palliata (a hybrid index value close to 0). Therefore, we were able to select a
representative sample of admixed individuals in terms of their hybrid index value. We included
24 individuals with a hybrid index close to 1 (hereafter referred as pigra-like), 23 individuals
with a hybrid index value close to 0 (hereafter referred as palliata-like) and 2 individuals with a
hybrid index value close to 0.5. Admixed individuals and their hybrid index value are listed in

Supplementary Materials Table 3-S5.

Introgression analyses

We implemented introgress (Gompert and Buerkle 2009; Gompert and Buerkle 2010) to analyze
if introgression at any MHC loci deviates from neutral expectations based on genomic clines.
Loci that exhibit signatures of non-neutral introgression are determined comparing the
likelihoods of both a regression and a neutral model based on the empirical data. Neutral
introgression is simulated with a permutation process. We computed 10,000 permutations and

estimated statistical significance. Neutral introgression is defined by the expected number of
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homozygotes (for either A. palliata or A. pigra) and heterozygotes given the observed data. If
homozygotes are more or less common than neutral expectations this would be indicative of
positive or negative selection. If the number of heterozygotes does not correspond to neutral
expectations this would be indicative of under-dominance and over-dominance (Nolte et al.
2009, Teeter et al. 2010). Introgress analysis relies on co-dominant genetic markers. Since some
individuals had more than two alleles at DQB1_L3 in A. pigra it was not possible for us to
determine homozygosity vs heterozygosity and therefore we did not include DQB1-L3 for this

analysis.

Results

MHC Genotyping and genetic diversity
We successfully amplified and sequenced seven MHC loci: DQAL exon 2 locus 1 (DQA1-L1),
DQA1 exon 2 locus 2 (DQA1-L2), DQB1 exon 2 locus 1 (DQB1-L1), DQB1 exon 2 locus 2
(DQB1-L2), DQB1 exon 2 locus 3 (DQB1-L3), DQB2 exon 2 (DQB2) and DRB exon 2 (DRB)
in A. palliata, A. pigra and admixed individuals. Our paired-end sequencing raw data yielded a
total of 1,922,833 reads across all individuals (including duplicates). After filtering our data
(based on sequence quality and fragment size), we recovered 689,404 sequences that were used
for allele identification and genotyping. Supplementary Materials Table 3-S6 shows the
maximum and minimum number of reads per individual and total during each step of the
filtering process.

Both DQA1-L1 and DQA1-L2 alleles had a length of 186 bp and were in the correct

reading frame with no indication of pseudogenization. DQB1-L1 and DQB1-L3 had a length of
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250bp and no signatures of pseudogenization. DQB1-L2 had a total length of 247 bp, presenting
a one codon deletion at codon 55 when compared to the 83 codons of the human allele sequence,
but they still were in the correct reading frame. For DQB?2, all alleles had a length of 247 bp with
no indication of pseudogenization. All DRB alleles had a length of 245bp with no indication of
pseudogenization.

In terms of genetic diversity, all A. palliata individuals were homozygous at all seven
loci. This was also the case for all palliata-like admixed individuals. DQB1-L3 was the locus
with the highest number of alleles and DQB1-L1 was the locus with the greater heterozygosity
(HO) in both A. pigra and pigra-like admixed individuals. The rest of the loci varied in number
of alleles and heterozygosity in A. pigra and pigra-like admixed individuals (Table 3-1 and
Table 3-2). The two individuals with intermediate hybrid index values were heterozygous at all
loci with one allele coming from one parental population the other allele coming from the other
parental population. We did not detect any A. palliata alleles for DQB1-L3, also for this locus
we cannot determine heterozygosity vs homozygosity as we were not able to determine the total
number of loci. Only allele DQB1-L1-1 was shared between A. palliata and A. pigra, the rest of
the alleles were unique to each species. Individual genotypes for all loci in admixed individuals

are provided in Supplementary Material Table 3-S7.

Asymmetric differential introgression at MHC loci

All palliata-like individuals presented no introgressed alleles from A. pigra. Pigra-like
individuals presented introgressed alleles from A. palliata at all loci (Figure 3-2). DQB1-L1 is
the only locus in which both parental populations share one allele. In this case, the ancestry

identity of admixed individuals for this locus is based on probability given that all A. palliata
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individuals are homozygous for this locus and A. pigra has three alleles. DRB locus had the
highest number of pigra-like individuals with introgressed alleles (42% of total individuals)
while DQB1-L3 had the lowest number of individuals with introgressed alleles (12.5% of total
individuals) (Table 3-3).

Genomic clines showed significant differential introgression at five loci. DQA1-L1
(p=0.01), DQA1-L2 (p=0.00), DQB1-L1 (p=0.04) and DQB2 (p=0.02) present a similar pattern
of introgression based on cline shape consistent with over-dominance. DQB1-L2 genomic cline
(p=0.01) shows signatures of under-dominance. While DRB genomic cline is not significantly
different from neutral expectations (p=0.20), 42% of pigra-like individuals present A. palliata

alleles in homozygote (N=3) and heterozygote (N=7) form (Figure 3--3).

Discussion

All seven MHC Class two genes presented asymmetric introgression from A. palliata into A.
pigra genomic background with no introgression in the other direction. Introgression patterns
were different at each locus and five out of six loci showed statistically significant differential
introgression. The patterns of differential introgression are concordant with adaptive
introgression further supported by selection analyses in previous studies (Chapter | and Chapter
I1). We believe selection is the most likely mechanism maintaining these heterospecific MHC
genetic variants in the genomic background of A. pigra suggesting that hybridization is a source

of adaptive genetic variation for MHC loci as ancient human admixture studies have proposed.
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A. palliata ancestry decreases MHC genetic diversity in admixed individuals

Two characteristics of our data enabled us to confidently determine the ancestry source of MHC
alleles in admixed individuals. First, all A. palliata individuals from the parental populations are
homozygotes at all MHC loci. Second, all MHC loci presented species-specific alleles. From our
genotyping, we were able to determine that palliata-like individuals did not have any
introgressed alleles at any MHC locus but pigra-like individuals presented A. palliata alleles at
all loci. We also compared levels of genetic diversity (HO) of admixed individuals to both
parental species. For our analyses of genetic diversity, we separated admixed individuals into
palliata-like and pigra-like. This allowed us to evaluate at a finer scale how the genomic
ancestry affected genetic diversity in admixed individuals. We observed that overall HO, and HO
at each locus, was lower in admixed individuals when compared to the A. pigra population.
When we excluded the palliata-like individuals from the analyses the level of heterozygosity
increased as all palliata-like admixed individuals were homozygous at all loci. Still, A. pigra
individuals presented an overall higher genetic diversity than pigra-like admixed individuals.
From previous studies (Melo-Carrillo et al. 2020, Zoonomia Consortium 2020, Chapter 11), we
have evidence that A. palliata populations in Mexico have extremely reduced genetic diversity
genome-wide and at MHC loci. This is further reflected in the admixed individuals as A. palliata

ancestry decreases MHC genetic diversity in admixed individuals.

Asymmetric and differential introgression due to selection
All MHC loci presented asymmetric introgression from A. palliata into A. pigra. Moreover, five
out of the six MHC loci showed significant non-neutral introgression. DQA1-L1, DQA1-L2,

DQB1-L1 and DQB2 genomic clines are concordant with over-dominance, in which alleles from
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both parental populations are maintained in a heterozygote form more frequently than what is
expected under neutral expectations. Overdominance, by heterozygote advantage, has long been
proposed as a mechanism for maintaining variation in MHC (Doherty & Zinkernagel 1975).

Heterozygote individuals may be more resistant to infectious diseases as they can present
a more diverse set of antigens to initiate an immune response (Hedrick 2012). DQB1-L2,
genomic cline showed a pattern of underdominance. In this case admixed individuals that are
pigra-like present A. palliata alleles in a homozygote form with a frequency that exceeds neutral
introgression expectations. It is probable that individual homozygotes for DQB1-L2-2 allele may
have a fitness advantage over alternative genotypes. We have shown (Chapter 1) that selection
acts differently at each locus for MHC. Theoretical and empirical studies also provide evidence
that not all MHC loci undergo the same selective pressures. However, A. palliata MHC alleles
are introgressing into A. pigra genomic background while A. pigra alleles do not introgress.

We had initially hypothesized introgression to be asymmetric from A. pigra to A. palliata
based on the low MHC genetic diversity in A. palliata and selection favoring variability in MHC
loci. However, we did not observe any A. pigra allele in palliata-like individuals. Other studies
that have looked at MHC introgression, in different systems, have found symmetrical
introgression (Grossen et al. 2014, Dudek et al. 2019, Pohjoismaki et al. 2021) or asymmetric
introgression from the more genetically diverse population (Simkova et al. 2021) contrasting
with our results. We believe that selection might be maintaining these alleles in the
heterospecific genomic background. The Alouatta hybrid zone, where all admixed individuals
occur, is very narrow (approximately 20 km. wide) (Cortés-Ortiz et al. 2007, 2015) and the
surrounding geographic area has very similar environmental conditions, therefore it is reasonable

to assume that all admixed individuals are experiencing similar selective pressures. This could
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indicate that MHC alleles found in A. palliata are a beneficial in the environment where admixed
individuals occur. Moreover, we have evidence of positive selection at these loci (Chapter | and
Chapter I1). Our data does not allow us to directly link MHC genetic variation to functional
variation. However, MHC-DQ and MHC-DR genes have been associated with infectious disease
resistance and susceptibility to autoimmune diseases (Matzaraki et al. 2017). It is probable that
A. palliata alleles are conferring an advantage in this respect suggesting that hybridization could
be a source of adaptive genetic variation.

Other processes can also result in asymmetric introgression such as movement of hybrid
zones over time. The movement of a hybrid zone can create asymmetric introgression as the
hybrid zone shifts from the range of one population into the range of the other population. It is
unlikely that hybrid zone movement is generating the pattern we are observing for MHC alleles.
Baiz et al. (2020) study on the Alouatta hybrid zone showed that introgression is asymmetric but
in the other direction for most alleles across the genome. Therefore, if the movement of the
hybrid zone would be causing asymmetric introgression at MHC loci we would observe the same
pattern that is more common across the genome. Alternatively, assortative mating could also
result in asymmetric introgression. We discarded this possibility as palliata-like and pigra-like
admixed individuals are equally abundant (Kelaita and Cortés-Ortiz 2013; Cortés-Ortiz et al.
2019) and our previous genetic analyses of uni-parentally and bi-parentally inherited markers
(mtDNA and Y chromosome, and autosomal SNPs, respectively) show that crosses occur in both
directions (Cortes-Ortiz et al. 2019). This indicates that there is no preference in mating or

difference in abundance of individuals with one parental population ancestry.
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Concluding remarks

To our knowledge, this is the first study to provide empirical evidence of hybridization as a
source of potential adaptive genetic variation in primates for MHC. We observed asymmetric
introgression at all MHC genes from A. palliata to A. pigra. Moreover, most of these loci
showed differential introgression concordant with adaptive introgression. We propose that A.
palliata alleles are conferring a selective advantage to admixed individuals based on the results
of this study and positive selection occurring at these genes according to our previous studies.
We acknowledge that adaptive introgression cannot be stated without evidence on functionality.
However, alternative explanations appear to be less likely. Moreover, hybridization has been
proposed as an important source of adaptive genetic variation in humans. Different genes have
been identified as potential genomic regions that acquired beneficial genetic variation through
introgression. Importantly many of these genes have an immune function including MHC genes
(or HLA). The results from this study provide additional evidence to support hybridization as a
source of genetic variation in MHC genes in humans. The phylogenetic proximity of platyrrhines
to humans, as opposed to other studies that have evaluated MHC genes variability in the context

of hybridization, highlights the relevance of this study in the context of human evolution.
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Tables

Table 3-1. Number of alleles at each locus in each population. Overall observed (HO) and expected (HE) heterozygosity for each population.

Individuals DQA1-L1 DQA1-L2 DQB1-L1 DQB1-L2 DQB1-1L3 DQB2 DRB HO HE

A. palliata 1 1 1 1 1 1 1 0 0
A. pigra 2 2 3 2 7 3 3 0.624 0.617
Admixed 2 3 3 3 6 2 4 0.315 0.604

Admixed palliata-like 1 1 1 1 1 1 1 0 0
Admixed pigra-like 2 3 3 3 6 2 4 0.56 0.646
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Table 3-2. Observed (HO) and expected (HE) heterozygosity at each locus for each population. HO is located on the left side of the slash, and HE is located on the right side.

Populations DQA1-L1 DQA1-L2 DQB1-L1 DQB1-L2 DQB1-L3 DQB2 DRB
A. palliata 0 0 0 0 NA 0 0
A. pigra 0.342/0.287 0.171/0.391 0.658/0.623 0.04/0.517 NA 0.421/0.474 0.432/0.516
Admixed 0.188/0.503 0.25/0.578 0.333/0.589 0.103/0.439 NA 0.188/0.503 0.25/0.53
Admixed-palliata-like 0 0 0 0 0 0 0
Admixed-pigra-like 0.273/0.24 0.409/0.583 0.545/0.592 0.231/0.609 NA 0.227/0.206 0.409/0.606
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Table 3-3. Total number and proportion (in percentage) of individuals with introgressed alleles at each locus for each population. Information is presented for palliata-like and
pigra-like populations. The last column (Total unique) indicates the total number of individuals that presented an introgressed allele in at least one locus. Introgressed alleles
cannot be determined for DQB1-L1 as it is the only locus with shared alleles.

Population ‘ N ‘ DQA1-L1 DQA1-L2 DQB1-L1 DQB1-L2 DQB1-L3 DQB2 DRB ‘ Total unique
palliata-like 23 0 0 0 0 0 0 0
pigra-like 24 10 (42%) 10 (42%) NA 6 (25%) 3(12%) 6 (25%) 10 (42%) 12 (50%)
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Figures

Figure 3-1. Sampling locations for A. palliata, A. pigra and admixed individuals. Top map indicates the general location of the sampling region. Bottom map shows the
distribution of A. palliata (light grey), A. pigra (dark grey) and the hybrid zone (where both distributions overlap) along with group locations and sampling size. inset map shows a

zoomed view of the group locations where admixed individuals where sampled.

/
anf

N,

i S
F=q '
"

¢

121



Figure 3-2. Color-coded genotype of admixed individuals. Each row represents an individual and each column represents a locus respectively labeled. Gold blocks indicate
homozygotes for A. palliata, blue blocks indicate homozygotes for A. pigra, green blocks indicate heterozygotes and white blocks indicate missing data. Rows containing pigra-
like individuals are delineated on the right side of the graph by a dashed line (small gaps), intermediate individuals by a solid line and palliata like individuals by a dashed (large

gaps).
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Figure 3-3. Genomic clines for MHC loci. Hybrid index (HI) value indicates the proportion of alleles derived from A. palliata (zero indicating a non-admixed A. palliata
individual and one a non-admixed A. pigra individual). Y-axis indicates the probability of genotypes on the left and the number of individuals homozygous for A. palliata (top),
heterozygous for both populations (middle) and homozygous for A. pigra (bottom). Each circle represents an individual. Colored clines denote 95% confidence intervals according
to neutral introgression for homozygous A. palliata (blue) and heterozygotes (gold). Solid line and dashed line are estimated clines based on the observed genotypes for A. palliata
homozygotes and heterozygotes, respective. Locus name and p-value, indicating departure from neutrality, are given on the top right corner. DQA1-L1, DQA1-L2, DQB1-L1 and
DQB2 show significant differential introgression with a cline pattern corresponding to over-dominance. DQB1-L2 and DRB present a cline pattern corresponding to
underdominance, only DQB1-L2 present statistically significant differential introgression.
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Supplementary Materials

Table 3-S4. Microsatellites used in this study and sources.

Locus Source
Ap68 Ellsworth and Hoelzer (1998)
Ap74 Ellsworth and Hoelzer (1998)
D5S111 Cortés-Ortiz et al. 2010)
D6S260 Cortés-Ortiz et al. 2010)
D8S165 Cortés-Ortiz et al. 2010)
D14s51 Cortés-Ortiz et al. 2010)
Ab06 Goncalves et al. (2004)
Ab07 Goncalves et al. (2004)
Ab09 Goncalves et al. (2004)
Ab12 Goncalves et al. (2004)
Abl6 Goncalves et al. (2004)
Ab17 Goncalves et al. (2004)
Ab20 Goncalves et al. (2004)
Apm1l Goncalves et al. (2004)
Apm6 Cortés-Ortiz et al. (2010)
Apm9 Cortés-Ortiz et al. (2010)
Api06 Cortés-Ortiz et al. (2010)
Api08 Cortés-Ortiz et al. (2010)
Api09 Cortés-Ortiz et al. (2010)
Apill Cortés-Ortiz et al. (2010)
Apild Cortés-Ortiz et al. (2010)
1110 Di Fiore and Fleischer (2004)
157 Di Fiore and Fleischer (2004)
AC45 Oklander et al. (2007)
Ham80 Katoh et al. (2009)
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Table 3-S5. Admixed individuals’ hybrid index values. First column contains the population designation of each individual. Middle column lists the identification code. Last
column indicates the hybrid index value (HI). HI of zero indicates a full A. palliata individual and HI of one indicates a full A. pigra individual.

Designation Individuals Hybrid Index value
palliata-like S-010 0.05
palliata-like S-093 0.05
palliata-like S-094 0.05
palliata-like S-097 0.05
palliata-like S-099 0.05
palliata-like S-101 0.00
palliata-like S-158 0.02
palliata-like S-159 0.04
palliata-like S-160 0.00
palliata-like S-162 0.03
palliata-like S-293 0.02
palliata-like S-296 0.04
palliata-like S-334 0.13
palliata-like S-335 0.08
palliata-like S-337 0.05
palliata-like S-339 0.07
palliata-like S-434 0.03
palliata-like S-561 0.04
palliata-like S-589 0.07
palliata-like S-625 0.07
palliata-like S-629 0.05
palliata-like S-630 0.03
pigra-like S-015 0.94
pigra-like S-155 0.74
pigra-like S-163 0.89
pigra-like S-165 0.92
pigra-like S-297 0.96
pigra-like S-301 0.85
pigra-like S-305 0.81
pigra-like S-307 0.84
pigra-like S-308 0.92
pigra-like S-313 0.83
pigra-like S-317 0.97
pigra-like S-322 0.87
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pigra-like
pigra-like
pigra-like
pigra-like
pigra-like
pigra-like
pigra-like
pigra-like
pigra-like
pigra-like
pigra-like
pigra-like
Intermediate
Intermediate
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S-323
S-329
S-408
S-410
S-429
S-430
S-529
S-540
S-543
S-546
S-597
S-601
S-098
S-157

0.90
0.94
0.93
0.93
0.81
0.87
0.98
0.87
0.79
0.87
0.85
0.86
0.46
0.50



Table 3-S6. Number of reads after each filtering step for all individuals (A. palliata, A. pigra and admixed), including the minimum (Min.) and maximum (Max.) number of reads
per sample, the mean number of reads across all samples, and the total number of reads in all samples. The total number of samples is 248 as we had duplicates for each individual
(N=124 individuals).

Filtering step Min Max Average Total
Initial number of reads 3,745 46,737 7,486 1,922,833
Quality filter (phred >20) 2,287 45,378 5,602 1,438,913
Merging sequences 2,190 43,610 5,346 1,373,158
Fragment size (>130 bp) 768 29,800 2,684 689,404
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Table 3-S7. Individual Genotypes for admixed individuals. List of individual genotypes for A) DQA1-L1 and DQA1-L2, B) DQB1-L1, DQB1-L2 and DQB1-L3, C) DQB2 and
D) DRB. Only alleles present (but not genotypes) are provided for A. pigra, pigra-like and intermediates individuals for DQB1-L3 as number of loci could not be determined. N/A
= not amplified.

A)
Designation Individuals DQA1-L1 DQA1-L2
palliata-like S-010 DQA1-L1-1 DQA1-11-1 DQA1-12-2 DQA1-12-2
palliata-like S-093 DQA1-L1-1 DQA1-11-1 DQA1-L2-2 DQA1-12-2
palliata-like S-094 DQA1-11-1 DQA1-11-1 DQA1-12-2 DQA1-1L2-2
palliata-like S-097 DQA1-11-1 DQA1-11-1 DQA1-12-2 DQA1-1L2-2
palliata-like S-099 DQA1-11-1 DQA1-11-1 DQA1-12-2 DQA1-1L2-2
palliata-like S-101 DQA1-11-1 DQA1-11-1 DQA1-1L2-2 DQA1-1L2-2
palliata-like S-158 DQA1-L1-1 DQA1-L1-1 DQA1-L2-2 DQA1-L2-2
palliata-like S-159 DQA1-11-1 DQA1-11-1 DQA1-12-2 DQA1-12-2
palliata-like S-160 DQA1-L1-1 DQA1-11-1 DQA1-12-2 DQA1-12-2
palliata-like S-162 DQA1-L1-1 DQA1-L1-1 DQA1-12-2 DQA1-12-2
palliata-like S-293 DQA1-L1-1 DQA1-11-1 DQA1-L2-2 DQA1-12-2
palliata-like S-296 DQA1-11-1 DQA1-11-1 DQA1-12-2 DQA1-1L2-2
palliata-like S-334 DQA1-11-1 DQA1-11-1 DQA1-12-2 DQA1-12-2
palliata-like S-335 DQA1-11-1 DQA1-11-1 DQA1-12-2 DQA1-1L2-2
palliata-like S-337 DQA1-11-1 DQA1-11-1 DQA1-12-2 DQA1-12-2
palliata-like S-339 DQA1-11-1 DQA1-11-1 DQA1-12-2 DQA1-12-2
palliata-like S-434 DQA1-11-1 DQA1-11-1 DQA1-12-2 DQA1-12-2
palliata-like S-561 DQA1-L1-1 DQA1-11-1 DQA1-12-2 DQA1-12-2
palliata-like S-589 DQA1-L1-1 DQA1-L1-1 DQA1-L2-2 DQA1-12-2
palliata-like S-625 DQA1-L1-1 DQA1-11-1 DQA1-12-2 DQA1-12-2
palliata-like S-629 DQA1-11-1 DQA1-11-1 DQA1-12-2 DQA1-12-2
palliata-like S-630 DQA1-11-1 DQA1-11-1 DQA1-12-2 DQA1-12-2
pigra-like S-015 DQA1-11-3 DQA1-11-3 DQA1-12-8 DQA1-12-8
pigra-like S-155 DQA1-11-3 DQA1-11-1 DQA1-12-6 DQA1-12-2
pigra-like S-163 DQA1-11-3 DQA1-1L1-3 DQA1-1L2-6 DQA1-1L2-6
pigra-like S-165 DQA1-L1-1 DQA1-11-3 DQA1-12-8 DQA1-12-2
pigra-like S-297 DQA1-11-3 DQA1-11-3 DQA1-12-8 DQA1-12-2
pigra-like S-301 DQA1-11-3 DQA1-11-3 DQA1-L2-6 DQA1-L2-6
pigra-like S-305 DQA1-11-3 DQA1-11-3 DQA1-L2-6 DQA1-L2-6
pigra-like S-307 DQA1-L1-3 DQA1-L1-3 DQA1-L2-6 DQA1-L2-6
pigra-like S-308 DQA1-11-3 DQA1-11-3 DQA1-12-6 DQA1-1L2-6
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pigra-like
pigra-like
pigra-like
pigra-like
pigra-like
pigra-like
pigra-like
pigra-like
pigra-like
pigra-like
pigra-like
pigra-like
pigra-like
pigra-like
pigra-like
Intermediate

Intermediate

S-313
S-317
S-322
S-323
S-329
S-408
S-410
S-429
S-430
S-529
S-540
S-543
S-546
S-597
S-601
S-098
S-157

DQA1-11-1
DQA1-L1-3
DQA1-L1-3
DQA1-L1-3
DQA1-L1-3
DQA1-L1-3
DQA1-11-3
DQA1-L1-3
DQA1-11-3
DQA1-11-3
DQA1-L1-3
DQA1-L1-3
DQA1-L1-3
DQA1-L1-3
DQA1-11-1
DQA1-11-1
DQA1-L1-1
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DQA1-L1-3
DQA1-L1-3
DQA1-L1-1
DQA1-L1-1
DQA1-L1-3
DQA1-11-3
DQA1-11-3
DQA1-11-3
DQA1-L1-3
DQA1-L1-1
DQA1-L1-3
DQA1-L1-3
DQA1-L1-3
DQA1-L1-3
DQA1-11-3
DQA1-11-3
DQA1-11-3

DQA1-L2-6
DQA1-L2-8
DQA1-L2-8
DQA1-L2-6
DQA1-L2-8
DQA1-12-6
DQA1-12-7
DQA1-12-6
DQA1-12-6
DQA1-12-8
DQA1-L2-6
DQA1-12-8
DQA1-L2-8
DQA1-L2-6
DQA1-12-2
DQA1-12-2
DQA1-12-2

DQA1-12-2
DQA1-L2-2
DQA1-L2-2
DQA1-L2-2
DQA1-L2-8
DQA1-12-6
DQA1-12-7
DQA1-12-6
DQA1-12-6
DQA1-12-2
DQA1-12-6
DQA1-L2-8
DQA1-L2-6
DQA1-L2-6
DQA1-12-6
DQA1-12-6
DQA1-12-8



B)

Designation Individuals DQB1-L1 DQB1-L2 DQB1-L3
palliata-like S-010 DQB1-L1-1 DQB1-L1-1 DQB1-L2-2 DQB1-L2-2 DQB1-L3-3 DQB1-L3-3
palliata-like S-093 DQB1-L1-1 DQB1-L1-1 DQB1-L2-2 DQB1-L2-2 DQB1-13-3 DQB1-13-3
palliata-like S-094 DQB1-L1-1 DQB1-L1-1 DQB1-L2-2 DQB1-L2-2 DQB1-L3-3 DQB1-L3-3
palliata-like S-097 DQB1-L1-1 DQB1-L1-1 DQB1-L2-2 DQB1-L2-2 DQB1-13-3 DQB1-L3-3
palliata-like S-099 DQB1-L1-1 DQB1-L1-1 DQB1-L2-2 DQB1-L2-2 DQB1-L3-3 DQB1-L3-3
palliata-like S-101 DQB1-L1-1 DQB1-L1-1 DQB1-L2-2 DQB1-L2-2 DQB1-13-3 DQB1-L3-3
palliata-like S-158 DQB1-L1-1 DQB1-L1-1 DQB1-L2-2 DQB1-L2-2 DQB1-13-3 DQB1-L3-3
palliata-like S-159 DQB1-L1-1 DQB1-L1-1 DQB1-L2-2 DQB1-L2-2 DQB1-L3-3 DQB1-L3-3
palliata-like S-160 DQB1-L1-1 DQB1-L1-1 DQB1-L2-2 DQB1-L2-2 DQB1-13-3 DQB1-13-3
palliata-like S-162 DQB1-L1-1 DQB1-L1-1 DQB1-L2-2 DQB1-L2-2 DQB1-L3-3 DQB1-L3-3
palliata-like S-293 DQB1-L1-1 DQB1-L1-1 DQB1-L2-2 DQB1-L2-2 DQB1-13-3 DQB1-L3-3
palliata-like S-296 DQB1-L1-1 DQB1-L1-1 DQB1-L2-2 DQB1-L2-2 DQB1-13-3 DQB1-13-3
palliata-like S-334 DQB1-L1-1 DQB1-L1-1 DQB1-L2-2 DQB1-L2-2 DQB1-13-3 DQB1-L3-3
palliata-like S-335 DQB1-L1-1 DQB1-L1-1 DQB1-L2-2 DQB1-L2-2 DQB1-13-3 DQB1-L3-3
palliata-like S-337 DQB1-L1-1 DQB1-L1-1 DQB1-L2-2 DQB1-L2-2 DQB1-L3-3 DQB1-L3-3
palliata-like S-339 DQB1-L1-1 DQB1-L1-1 DQB1-L2-2 DQB1-L2-2 DQB1-13-3 DQB1-13-3
palliata-like S-434 DQB1-L1-1 DQB1-L1-1 DQB1-L2-2 DQB1-L2-2 DQB1-13-3 DQB1-L3-3
palliata-like S-561 DQB1-L1-1 DQB1-L1-1 DQB1-L2-2 DQB1-L2-2 DQB1-13-3 DQB1-L3-3
palliata-like S-589 DQB1-L1-1 DQB1-L1-1 DQB1-L2-2 DQB1-L2-2 DQB1-13-3 DQB1-13-3
palliata-like S-625 DQB1-L1-1 DQB1-L1-1 DQB1-L2-2 DQB1-L2-2 DQB1-13-3 DQB1-L3-3
palliata-like S-629 DQB1-L1-1 DQB1-L1-1 DQB1-L2-2 DQB1-L2-2 DQB1-13-3 DQB1-L3-3
palliata-like S-630 DQB1-L1-1 DQB1-L1-1 DQB1-L2-2 DQB1-L2-2 DQB1-L3-3 DQB1-L3-3
pigra-like S-015 DQB1-L1-9 DQB1-L1-11 DQB1-L2-12 DQB1-L2-12 DQB1-L3-13 DQB1-L3-14 DQB1-L3-17
pigra-like S-155 DQB1-L1-1 DQB1-L1-11 DQB1-L2-2 DQB1-L2-2 DQB1-L3-8 DQB1-L3-10
pigra-like S-163 DQB1-L1-11 DQB1-L1-11 NA NA DQB1-L3-8 DQB1-L3-10
pigra-like S-165 DQB1-L1-1 DQB1-L1-9 DQB1-L2-12 DQB1-L2-2 DQB1-L3-17 DQB1-13-3
pigra-like S-297 DQB1-L1-9 DQB1-L1-9 DQB1-L2-12 DQB1-L2-12 DQB1-L3-17
pigra-like S-301 DQB1-L1-9 DQB1-L1-11 NA NA DQB1-L3-8 DQB1-L3-10
pigra-like S-305 DQB1-L1-9 DQB1-L1-11 NA NA DQB1-L3-8 DQB1-L3-10
pigra-like S-307 DQB1-L1-9 DQB1-L1-11 DQB1-L2-12 DQB1-L2-12 DQB1-L3-8 DQB1-L3-10 DQB1-L3-17
pigra-like S-308 DQB1-L1-11 DQB1-L1-11 NA NA DQB1-L3-8 DQB1-L3-10
pigra-like S-313 DQB1-L1-1 DQB1-L1-9 DQB1-L2-2 DQB1-L2-12 DQB1-13-3 DQB1-L3-17
pigra-like S-317 DQB1-L1-1 DQB1-L1-9 DQB1-L2-12 DQB1-L2-12 DQB1-L3-17
pigra-like S-322 DQB1-L1-1 DQB1-L1-1 DQB1-L2-2 DQB1-L2-2 DQB1-13-3 DQB1-L3-16
pigra-like S-323 DQB1-L1-1 DQB1-L1-11 NA NA DQB1-L3-13 DQB1-L3-14 DQB1-L3-16
pigra-like S-329 DQB1-L1-9 DQB1-L1-9 DQB1-L2-12 DQB1-L2-12 DQB1-L3-17
pigra-like S-408 DQB1-L1-9 DQB1-L1-11 DQB1-L2-4 DQB1-L2-4 DQB1-L3-8 DQB1-L3-10
pigra-like S-410 DQB1-L1-9 DQB1-L1-9 DQB1-L2-4 DQB1-L2-4 DQB1-13-8
pigra-like S-429 DQB1-L1-9 DQB1-L1-11 NA NA DQB1-L3-8 DQB1-L3-10
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pigra-like
pigra-like
pigra-like
pigra-like
pigra-like
pigra-like
pigra-like
Intermediate
Intermediate

S-430
S-529
S-540
S-543
S-546
S-597
S-601
S-098
S-157

DQB1-L1-9
DQB1-L1-1
DQB1-L1-9
DQB1-L1-9
DQB1-L1-9
DQB1-L1-9
DQB1-L1-9
DQB1-L1-1
DQB1-L1-1

DQB1-11-11
DQB1-11-9
DQB1-1L1-9
DQB1-11-9
DQB1-L1-9

DQB1-11-11
DQB1-1L1-9

DQB1-11-11
DQB1-11-9

NA
DQB1-12-2
NA
DQB1-L2-12
DQB1-L2-12
NA
DQB1-12-2
DQB1-12-2
DQB1-12-2
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NA
DQB1-12-12
NA
DQB1-12-12
DQB1-12-12
NA
DQB1-12-2
DQB1-12-2
DQB1-12-12

DQB1-13-8
DQB1-13-17
DQB1-13-8
DQB1-13-17
DQB1-13-8
DQB1-13-8
DQB1-13-8
DQB1-13-8
DQB1-13-17

DQB1-13-10

DQB1-13-10

DQB1-13-10
DQB1-13-10
DQB1-13-10
DQB1-13-10
DQB1-13-17

DQB1-13-17



C)

Designation Individuals DQB2
palliata-like S-010 DQB2-1 DQB2-1
palliata-like S-093 DQB2-1 DQB2-1
palliata-like S-094 DQB2-1 DQB2-1
palliata-like S-097 DQB2-1 DQB2-1
palliata-like S-099 DQB2-1 DQB2-1
palliata-like S-101 DQB2-1 DQB2-1
palliata-like S-158 DQB2-1 DQB2-1
palliata-like S-159 DQB2-1 DQB2-1
palliata-like S-160 DQB2-1 DQB2-1
palliata-like S-162 DQB2-1 DQB2-1
palliata-like S-293 DQB2-1 DQB2-1
palliata-like S-296 DQB2-1 DQB2-1
palliata-like S-334 DQB2-1 DQB2-1
palliata-like S-335 DQB2-1 DQB2-1
palliata-like S-337 DQB2-1 DQB2-1
palliata-like S-339 DQB2-1 DQB2-1
palliata-like S-434 DQB2-1 DQB2-1
palliata-like S-561 DQB2-1 DQB2-1
palliata-like S-589 DQB2-1 DQB2-1
palliata-like S-625 DQB2-1 DQB2-1
palliata-like S-629 DQB2-1 DQB2-1
palliata-like S-630 DQB2-1 DQB2-1
pigra-like S-015 DQB2-3 DQB2-1
pigra-like S-155 DQB2-3 DQB2-1
pigra-like S-163 DQB2-3 DQB2-3
pigra-like 5-165 DQB2-1 DQB2-3
pigra-like S-297 DQB2-3 DQB2-3
pigra-like S-301 DQB2-3 DQB2-3
pigra-like S-305 DQB2-3 DQB2-3
pigra-like S-307 DQB2-3 DQB2-3
pigra-like S-308 DQB2-3 DQB2-3
pigra-like S-313 DQB2-3 DQB2-1
pigra-like S-317 DQB2-3 DQB2-3
pigra-like S-322 DQB2-1 DQB2-3
pigra-like S-323 DQB2-3 DQB2-3
pigra-like S-329 DQB2-3 DQB2-3
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pigra-like
pigra-like
pigra-like
pigra-like
pigra-like
pigra-like
pigra-like
pigra-like
pigra-like
pigra-like
Intermediate

Intermediate

S-408
S-410
S-429
$-430
$-529
S-540
S-543
S-546
S-597
S-601
S-098
S-157
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DQB2-3
DQB2-3
DQB2-3
DQB2-3
DQB2-1
DQB2-3
DQB2-3
DQB2-3
DQB2-3
DQB2-1
DQB2-1
DQB2-1

DQB2-3
DQB2-3
DQB2-3
DQB2-3
DQB2-3
DQB2-3
DQB2-3
DQB2-3
DQB2-3
DQB2-3
DQB2-3
DQB2-3



D)

Designation Individuals DRB
palliata-like S-010 DRB-1 DRB-1
palliata-like S-093 DRB-1 DRB-1
palliata-like S-094 DRB-1 DRB-1
palliata-like S-097 DRB-1 DRB-1
palliata-like S-099 DRB-1 DRB-1
palliata-like S-101 DRB-1 DRB-1
palliata-like S-158 DRB-1 DRB-1
palliata-like S-159 DRB-1 DRB-1
palliata-like S-160 DRB-1 DRB-1
palliata-like S-162 DRB-1 DRB-1
palliata-like S-293 DRB-1 DRB-1
palliata-like S-296 DRB-1 DRB-1
palliata-like S-334 DRB-1 DRB-1
palliata-like S-335 DRB-1 DRB-1
palliata-like S-337 DRB-1 DRB-1
palliata-like S-339 DRB-1 DRB-1
palliata-like S-434 DRB-1 DRB-1
palliata-like S-561 DRB-1 DRB-1
palliata-like S-589 DRB-1 DRB-1
palliata-like S-625 DRB-1 DRB-1
palliata-like S-629 DRB-1 DRB-1
palliata-like S-630 DRB-1 DRB-1
pigra-like S-015 DRB-5 DRB-5
pigra-like S-155 DRB-5 DRB-1
pigra-like S-163 DRB-5 DRB-5
pigra-like S-165 DRB-1 DRB-5
pigra-like S-297 DRB-5 DRB-5
pigra-like S-301 DRB-5 DRB-1
pigra-like S-305 DRB-7 DRB-7
pigra-like S-307 DRB-7 DRB-7
pigra-like S-308 DRB-5 DRB-5
pigra-like S-313 DRB-1 DRB-5
pigra-like S-317 DRB-1 DRB-5
pigra-like S-322 DRB-1 DRB-1
pigra-like S-323 DRB-5 DRB-1
pigra-like S-329 DRB-5 DRB-5
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Figure 3-S4. Bimodal distribution of admixed individuals. Hybrid index values (HI) for a total of 254 individuals within the Alouatta hybrid zone. HI of zero indicates a full A.
palliata individual and HI of one indicates a full A. pigra individual. This is a modified figure from the results found in Cortés-Ortiz et al. 2019.
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Chapter 4: Conclusion

In my dissertation, | evaluated MHC genetic variation in platyrrhines and the mechanisms and
sources responsible for this variation. | focused on hybridization as a source of adaptive genetic
variation. This topic has been understudied in animals, but it likely represents an important
source of adaptive genetic variation, particularly for immune genes as previous studies have
suggested. 1 used the Alouatta hybrid zone in Mexico (A. palliata x A. pigra) as a system to
address my questions. To explore if my findings were more broadly present in platyrrhines |
incorporated data that | generated from two additional howler species (A. caraya and A. guariba)
and publicly available data from two more distantly related species of platyrrhines (Callithrix
jacchus and Aotus nancymaae). The overall findings of this work provide new insight into the
evolutionary history of MHC genes in platyrrhines, and primates more generally. Moreover, my
work contributes empirical evidence of hybridization as a source of genetic variation for immune
genes, supporting claims in the field of human evolution.

In Chapter 1, | presented substantial evidence (genotypes, genome search, gene
prediction and phylogenetic analyses) for MHC-DQ gene duplication events in platyrrhine
primates based on the novel characterization of DQA1 and DQB1 genes for four Alouatta
species (A. palliata, A. pigra, A. caraya and A. guariba). Also, my work revealed that these
duplication events in the genus Alouatta also occurred in more distantly related species C.
jacchus and A. nancymaae, setting the time of these events at least 20 MY A. Moreover, MHC-

DQA1 and MHC-DQB1 loci represent a case of trans-species polymorphisms, in which
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polymorphic gene lineages persist beyond speciation events. Selection analyses indicate that this
genetic variation has been maintained by selective pressures, also that positive selection is
mostly occurring at antigen biding sites. Based on this evidence, | propose that pathogens are the
main selective force behind the genetic variation patterns we observed in MHC-DQ loci in
platyrrhines.

In Chapter 2, | found differences in MHC genetic diversity and population structure
across the geographic range of A. palliata. The Mexican population showed extremely low levels
of genetic diversity as all individuals were homozygous at all seven MHC loci. Both Costa Rica
and Peru populations presented higher levels of genetic diversity despite the fact that fewer
individuals were sampled in those geographic areas. A. palliata likely underwent multiple
founder events as its range expanded into Mexico, which significantly reduced the genetic
diversity in this region. These results have conservation implications for the Mexican population
given the important function of MHC genes in adaptive immunity and the extremely low levels
of genetic diversity. A comparative study on pathogen abundance and prevalence, across A.
palliata’s distribution could complement this study. The results could be paired with MHC
genetic variation to have a more accurate representation of the vulnerability of each population.

In Chapter 3, | found evidence for hybridization as a source of adaptive variation for
MHC genes in a primate hybrid zone. | had originally hypothesized asymmetric introgression
from A. pigra into A. palliata genomic background given the low MHC genetic variation in A.
palliata. However, | observed asymmetric introgression at all seven MHC loci from A. palliata
into A. pigra. Moreover, five of these MHC loci showed statistically significant increased
introgression when compared to neutral expectations. | proposed that the A. palliata alleles are

advantageous in the environment that the admixed individuals occur. This is the first study to

138



provide empirical evidence for hybridization as a source of adaptive variation for MHC genes in
primates. My work supports claims of ancestral hybridization as a source of adaptive genetic
variation in immune genes for humans. The recent divergence of platyrrhines and humans,
compared to other studies that have evaluated MHC in the context of hybridization, emphasizes
the significance of this study in the context of human evolution. One of the limitations of this
study is the comparison of MHC introgression to neutral introgression derived from
microsatellite markers. Future work could derive rates of introgression at genome-wide level.
The results from these analyses would inform us on how introgression occurring at MHC loci
compares to introgression occurring across the entire genome.

The overall findings of my work indicate that gene duplications and hybridization have
an important role in the evolution of MHC in platyrrhines and that MHC loci can be
implemented as informative markers in conservation genetic studies. MHC gene duplications in
platyrrhines have been maintained by selection through speciation events implying an essential
function in the adaptive immunity of these primates. Introgression, through hybridization, has
transferred MHC alleles from one species into another. These alleles have been maintained in the
heterospecific background as they are likely favorable in the environment where admixed
individuals live. | propose that introgression at MHC loci could be a generalized phenomenon in
vertebrate hybrid zones, given the characteristics that are favored in the MHC genomic regions:
high genetic variation and novel genetic variation. My work provides empirical evidence for
introgression at MHC genes. The close phylogenetic relationship between platyrrhines and
humans highlights the relevance of this work to the field of human evolution, in which empirical

evidence is currently lacking. MHC loci can be used to estimate genetic variation in conservation
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studies. The high variability and the intrinsic adaptive value of MHC genes, contrast the
commonly used neutral markers that cannot convey any information on adaptive variation.

In general, two aspects should be considered to improve future work on MHC genetic
variation in non-model organism. First, sequencing longer MHC reads. With sequencing
technologies improving constantly it will become easier and cheaper to sequence longer reads.
Investigating complete MHC genes brings a completely new realm for understanding MHC
variation at a DNA level but more so at a protein level. Second, assessing MHC functional
variation. This is a more challenging task, particularly for non-model organisms. But if possible,
evaluating MHC functional variation should be a priority objective. It provides direct evidence of
the adaptive value of different genetic variants that otherwise is just inferred, and it is currently

quite scarce.
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