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Abstract

Genes of the major histocompatibility complex (MHC) exhibit heterozygote advantage in immune
defense, which in turn can select for MHC-disassortative mate choice. However, many species
lack this expected pattern of MHC-disassortative mating. A possible explanation lies in
evolutionary processes following gene duplication: if two duplicated MHC genes become
functionally diverged from each other, offspring will inherit diverse multilocus genotypes even
under random mating. We used locus-specific primers for high throughput sequencing of two
expressed MHC Class Il B genes in Leach's storm-petrels, Oceanodroma leucorhoa, and found
that exon 2 alleles fall into two gene-specific monophyletic clades. We tested for disassortative
versus random mating at these two functionally diverged Class Il B genes, using multiple metrics
and different subsets of exon 2 sequence data. With good statistical power, we consistently found
random assortment of mates at MHC. Despite random mating, birds had MHC genotypes with
functionally diverged alleles, averaging 13 amino acid differences in pairwise comparisons of exon
2 alleles within individuals. To test whether this high MHC diversity in individuals is driven by
evolutionary divergence of the two duplicated genes, we built a phylogenetic permutation model.
The model showed that genotypic diversity was strongly impacted by sequence divergence
between the most common allele of each gene, with a smaller additional impact of monophyly of
the two genes. Divergence of allele sequences between genes may have reduced the benefits of
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actively seeking MHC-dissimilar mates, in which case the evolutionary history of duplicated genes
is shaping the adaptive landscape of sexual selection.
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seabird

Introduction

Over the past two decades, the major histocompatibility complex (MHC) has emerged as a
system for studying both molecular evolution and mate choice for genetic benefits
(Balakrishnan et al. 2010; Bernatchez & Landry 2003; Kamiya ef a/. 2014; Milinski 2006).
MHC proteins help trigger the vertebrate immune response, with Class | and Class II MHC
proteins binding and presenting antigens from intracellular and extracellular pathogens,
respectively. Because MHC alleles are somewhat specific in the antigens they bind, MHC
genotypes can differ in their effectiveness against important pathogens in a population (Sepil
et al. 2013; Wegner et al. 2003) and thereby become a target for mate choice to increase
offspring health and survival.

MHC-dependent mate choice could occur via two processes which are not mutually
exclusive. One is a good genes mechanism, in which individuals prefer mates with particular
alleles that are effective against pathogens (Eizaguirre et a/. 2009). But MHC-based mate
choice could also be driven by heterozygote advantage, in which heterozygotes are better at
defense against a variable pathogen landscape (Penn et al. 2002; Spurgin & Richardson
2010). The most effective way to ensure heterozygous offspring is to actively choose a mate
whose MHC is different from one's own, and evidence from multiple model systems has
shown that MHC alleles of potential mates can be assessed by olfaction (Boehm & Zufall
2006). Consequently, MHC-disassortative mating has been seen in a variety of taxa
including mammals, fish, reptiles, and birds (Kamiya ef a/. 2014). In seabirds, MHC-
disassortative mating has been found in two of three studies (Juola & Dearborn 2012;
Knafler et al. 2012; Strandh et al. 2012) and was predicted to be common because of a
combination of monogamy, long lifespan, and olfactory capability (Zelano & Edwards
2002). However, many studies do not find MHC-disassortative mating (Bichet ef a/. 2014;
Ekblom et al. 2004; Gasparini et al. 2015; Knafler et al. 2012; Lenz et al. 2013; Sepil et al.
2015; Westerdahl 2004), and the average effect size across all studies is quite small (Kamiya
et al. 2014). Thus, there is no consensus from empirical studies on the presence or strength
of MHC-disassortative mating, reinforcing the idea that populations may differ in attributes
that would favor disassortative versus random mate choice with respect to MHC.

In this context, little attention has been paid to another potentially important factor: the
impact of gene duplication and subsequent evolution of the duplicated genes' alleles.
Although the wide occurrence of duplicated MHC genes is well established (Bollmer et al.
2010; Burri et al. 2010; Nei & Rooney 2005), there is little discussion of how the
relationships among the alleles of those duplicated genes might determine whether
disassortative mating is needed for producing offspring whose genotypes consist of
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functionally divergent alleles (Lenz et a/. 2013). This lack of theoretical development might
be because most empirical studies of MHC-disassortative mate choice use lab methods that
assay multiple MHC loci simultaneously and thus cannot assign alleles to a particular locus
(see literature review in Supporting Information). If evolution after duplication of MHC
genes leads to a pattern of allelic variation that is not monophyletic by locus within a species
(Edwards & Hedrick 1998; Strand et al. 2013; Worley et al. 2008), selection might continue
to favor MHC-disassortative mate choice as a means to create offspring with MHC-divergent
alleles. In contrast, if gene duplication is followed by the evolutionary divergence of alleles
into gene-specific clades within a species (Dearborn et al. 2015; Fawcett & Innan 2011; Gu
& Nei 1999), random mating would always produce offspring with at least two diverged
MHC alleles (i.e. at least one from each gene-specific clade), even in the absence of a
mating preference for MHC-disassortative partners. Thus, the extent of divergence between
duplicated MHC genes might impact the benefits of disassortative mating, though this can
be robustly tested only with locus-specific primers (see literature review in Supporting
Information).

In birds, MHC diversity is partly created by an ancient duplication of a Class 11 B gene,
followed by additional birth and death of genes in different lineages (Burri et a/. 2010). We
investigated MHC-dependent mate choice in Leach's storm-petrel, Oceanodroma leucorhoa,
a procellariiform seabird with two diverged MHC Class Il B genes. In our storm-petrel
population, little is known about specific pathogens and their role in shaping MHC diversity,
but three other factors yield predictions about random vs. MHC-disassortative mating. First,
our population has the traits hypothesized to favor MHC-disassortative mating in seabirds
(Zelano & Edwards 2002): long lifespan (Haussmann & Mauck 2008), monogamy (Mauck
et al. 1995), and olfactory capability (Grubb Jr 1974; Nevitt & Haberman 2003). Second,
demography of our North Atlantic study population likely fosters a high level of genetic
diversity in general: a large population (15,000 breeding pairs; unpubl. data) and extensive
gene flow in the Atlantic basin (Bicknell et al. 2012). These factors could maintain MHC
diversity to an extent that might not require disassortative mating. Third and perhaps most
importantly, though, our initial data show two Class Il B genes with exon 2 sequences that
cluster in locus-specific clades (Dearborn et al. 2015), with the possible consequence that
MHC-divergent offspring might be produced even without disassortative mating.

In this study, we first tested whether mate choice is random or disassortative with respect to
MHC in this population of Leach's storm-petrel, complementing our MHC Class Il B data
with microsatellite-based measures of parentage and of inbreeding/outbreeding. Second, we
used a modeling approach to test whether MHC diversity in individuals is influenced by
monophyly in general, and in particular by divergence between the most common allele of
each gene.

Materials and Methods

Study Population and Sampling

We studied Leach's storm-petrels at the Bowdoin Scientific Station on Kent Island, an 80-ha
island in the Bay of Fundy, New Brunswick, Canada (44.588N, 66.818W). Field work was
carried out following the Ornithological Council's Guidelines for the Use of Wild Birds in
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Research (Fair et al. 2010) under permits from Bowdoin College and the Canadian Wildlife
Service.

We extracted DNA from blood samples collected by brachial venipuncture of 188 adults
comprising 94 unique mated pairs: 52 pairs in 2010 and a non-overlapping set of 42 pairs in
2013. Birds were sampled from breeding burrows within a 1-ha area, ensuring that birds
could reasonably be thought of as potential mates. In 2013, we also sampled the 3- to 7-
week old nestling at the 34 of 42 nests where the nestling survived to that stage. Because
storm-petrels are sexually monomorphic, we assessed the sex of all 222 birds with PCR of a
sex-linked gene (Fridolfsson & Ellegren 1999) (see Supporting Information).

We have previously characterized exon 2 of these two MHC Class Il B genes in this system.
Repeat genotyping produced identical results in 98.7% of cases, and cDNA sequencing
confirmed that both genes are expressed (Dearborn et a/. 2015). The development of locus-
specific nested PCR and Illumina sequencing of exon 2 was made possible by the extensive
fixed differences between the two genes in intron 1 and exon 3 (Dearborn et a/. 2015). In a
229 bp section of intron 1, there are fixed differences between the genes at over half of the
sites, and BLAST searches of intron 1 produce two mutually exclusive sets of hits: all high-
ranking matches are MHC introns from seabirds and allies, but with different sets of
sequences matching the introns of the two genes. Thus, the two genes are distinctly
differentiated outside of the region coding for the peptide binding groove, which is
consistent with existing evidence for an ancient duplication of avian MHC genes (Burri et al.
2010). Further evidence for the distinct identity of two genes in our system comes from our
parent-offspring data: we have MHC genotypes of 22 trios of mother-father-offspring whose
parentage relationships were confirmed by microsatellite data (see Results), and genotypes
of both genes are fully consistent with Mendelian inheritance.

MHC High Throughput Sequencing, Copy Number Variation, and Phylogenetic Analysis

Nested PCR spanning exon 2 of Ocle-DAB1 and Ocle-DAB2 was performed with locus-
specific primers that were barcoded in unique combinations for each bird (Dearborn et al.
2015). As expected based on our initial characterization of these two genes, the PCR
products that were subjected to Illumina sequencing were different lengths for the two genes
because of primer placement — 353 bp and 395 bp for the amplicons of Ocle-DAB1 and
Ocle-DAB?2, respectively, including the barcoded primers. Amplicons were sequenced as
part of two different Illumina MiSeq runs using a PCR-free library preparation and 2x250 bp
paired end reads, with forward and reverse reads processed with the FASTX package
(Dearborn et al. 2015). Details of data processing and genotyping are given in the
Supporting Information and summarized here.

Copy number variation (CNV) at MHC has been reported in multiple studies and is common
in some species (de Groot et al. 2015; Lighten et al. 2014). Our primary genotyping
algorithm assumed an absence of CNV and instead used read-depth ratios to define
genotypes based on the most abundant one or two amplicon sequences at each gene,
discarding low abundance amplicons as errors. However, we also examined data with a
highly permissive genotyping algorithm that liberally counts lower frequency sequences as
CNV alleles (see Supporting Information). By that approach, putative CNV may occur in
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1% of individuals at Ocle-DABL1 and 14% of individuals at Ocle-DAB2. We think that this is
likely an overestimate of CNV in our system, for three reasons. First, preliminary Sanger
sequencing of uncloned PCR products produced either clean sequences with single peaks
(i.e. homozygotes) or sequences with some double peaks that could be created by a
combination of two sequences from known homozygotes. Second, in the 22 parent-offspring
trios, offspring genotypes determined with our primary algorithm were consistent with
inheritance from their parents and showed no unattributable alleles at either MHC gene.
Third, in duplicate PCR and sequencing of both genes in 39 birds using our primary
genotyping algorithm, 77 of 78 (98.7%) genotypes yielded identical results (Dearborn et al.
2015). Because CNV appears to be rare, downstream analyses are based on our primary
genotyping algorithm unless otherwise specified. However, to be conservative we also re-
analyzed our data using the CNV-permissive genotyping algorithm. This yielded small
changes in some of the descriptive statistics but had no impact on the mate choice
conclusions, as detailed in the Supporting Information.

Allele sequences were aligned in Sequencher 5.2.2 (Gene Codes Corporation, Ann Arbor,
MI), and putative peptide binding site (PBS) codons were determined by comparison with
human HLA (Brown et a/. 1993) and seabird sequences (Strandh et a/. 2011). To
characterize the similarity of exon 2 sequences of the 24 alleles and to ask how they cluster
with respect to locus identity, we built a parsimony-based haplotype network with
Haploviewer (Salzburger et al. 2011) based on the dnapars module in Phylip 3.695
(Felsenstein 2005), and we constructed maximum likelihood (ML) phylogenies from DNA
sequences using a GTR + | + G model in MEGA 6.06 (Tamura ef a/. 2013). We also
conducted a Neighbor Joining phylogenetic analysis based on a matrix of functional
distances between alleles. To generate functional distances, first we mapped the 20 amino
acids into a 5-dimensional space according to five physicochemical z-descriptors that
measure lipophilicity (z2), steric bulk (z2), polarity (z3), and electronic effects (z4and z5)
(Sandberg et al. 1998). The five-dimensional Euclidean distance was measured between
each pair of amino acids, and functional divergence between MHC alleles was calculated as
the average of these Euclidean distances across all codons of the two alleles (Agbali et a/.
2010; Sin et al. 2015). This measure of functional divergence is thus analogous to p-distance
of amino acid sequences but with a continuous scale of physicochemical divergence for each
codon position rather than a simple binary score of whether or not the two amino acids are
identical. For all phylogenies, we used midpoint rooting to avoid assumptions about whether
a putative outgroup gene is homologous to one, both, or neither of the duplicated genes in
storm-petrels.

Paternity Analysis and Tests of Inbreeding/Outbreeding with Microsatellite Markers

Because inferences about MHC-based mate choice require data on actual genetic mates, we
used microsatellite genotypes to conduct paternity exclusion analyses of social mates
(Lemons et al. 2015) in Cervus 3.0.7 (Kalinowski et al. 2007). This exclusion test uses
genotypes of putative mother-father-offspring trios to calculate the log of the odds (LOD
scores) that an offspring's actual father is the putative father rather than some unspecified
male from the population at large; critical values for LOD scores are calculated based on
microsatellite data from the population. We also used microsatellite genotypes to test for
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genome-wide inbreeding or outbreeding, because such a pattern could bias our interpretation
of MHC-based mate choice. We computed Queller and Goodnight's relatedness coefficient r
(Queller & Goodnight 1989) for true mates and compared that value to 10,000 replicates of
randomly pairing the 94 females and 94 males without replacement. For tests of relatedness
between mates and of parentage, birds were genotyped at 15 microsatellite loci (Table S1)
by Ecogenics (Balgach, Switzerland). We confirmed the absence of stutter, large-allele
dropout, and null alleles with MICRO-CHECKER 2.2.3 (Van Oosterhout et a/. 2004) and
estimated the genotyping error rate with mother-offspring pairs in Cervus 3.0.7 (Kalinowski
et al. 2007). Measures of polymorphism, observed versus expected heterozygosity, and
genotypic disequilibrium were made with FSTAT 2.9.3.2 (Goudet 2002).

MHC Data Analysis

We tested for random versus MHC-disassortative mating with randomization tests in a
custom Excel macro, comparing the observed MHC similarity of true mates against 10,000
replicates of randomly pairing the 94 females and 94 males without replacement.
Randomization tests were two-tailed for means, to distinguish between assortative mating,
random mating, and disassortative mating. Mate choice also might target partners who are
intermediately dissimilar at MHC, which would manifest as random mating in a test of
means but smaller-than-expected variance among pairs in a one-tailed randomization test of
variances (Forsberg et al. 2007; Lenz et al. 2013). Our mate choice analyses were based on
all 188 birds combined: because birds in this population breed annually, have very high
breeding site fidelity, and can live more than 35 years (Haussmann & Mauck 2008;
Huntington et al. 1996; Mauck et al. 2012) (unpubl. data), individuals sampled in 2010 are
highly likely to be breeding in 2013, and vice versa. Similar results (not shown) were
obtained when randomization tests were conducted separately for the two years.

Tests were based on two aspects of MHC similarity, both derived from amino acid
sequences: allele sharing and allele sequence divergence. Allele sharing was calculated as
the proportion of alleles that two birds have in common, considering both genes
simultaneously. Allele sequence divergence was calculated as average p-distance for all
pairwise comparisons of two birds' MHC amino acid sequences, using MEGA 6.06 (Tamura
et al. 2013). Analyses were conducted with (a) all 89 codons of exon 2, (b) only the 33
putative peptide binding sites (Table S2), and (c) other subsets hypothesized to be
functionally important (see Supporting Information).

We also tested for MHC-disassortative mating based on functional divergence between
alleles. Mate choice randomizations were conducted with these physicochemical measures
of functional divergence using (a) all polymorphic codons of exon 2, (b) only the putative
PBS codons, and (c) only codons showing signatures of positive selection.

To assess the robustness of our finding of random mating (see Results), we conducted power
analyses on our mate choice randomization tests following Lenz et al. (Lenz et al. 2013), as
detailed in the Supporting Information.
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Lastly, we tested the rarely addressed assumption that MHC differences between mates
would translate to MHC diversity in offspring. For this, we assayed MHC genotypes of 22
families for which we confirmed parentage with microsatellite data.

Phylogenetic Permutation Model of MHC

Results

We developed a phylogenetic permutation model (see Supporting Information for details) to
test two evolutionary hypotheses that could explain why MHC genotypes exhibit
pronounced amino acid differences between an individual's alleles, despite random mating.
The first hypothesis is that MHC-divergent genotypes are generated by monophyly broadly
speaking — that is, because the alleles of the two genes are diverged into locus-specific
clades. The second hypothesis is that MHC-divergent genotypes are generated more
specifically by divergence between the two common alleles in the population, Ocle-
DAB1*004 and Ocle-DAB2*0050 (Figure 1a). To test these two hypotheses in the context of
our study system, our permutation model held constant the total number of alleles per gene,
the distribution of allele frequencies of each gene (from our large sample of 188 breeding
adults), and the structure of the phylogeny. Within that framework, we permuted the alleles
and their associated frequencies across the phylogeny, which changed the distances between
particular alleles according to their new positions in the phylogeny (Figure S1). For each of
12,000 permutations of the model, we recorded the proportion of each gene's alleles that fell
together into a single clade (i.e. the extent of monophyly), the distance between the most
common allele of the two genes, and the resulting average within-individual diversity of
MHC alleles in our set of 188 individuals. We conducted regression analyses with the
model's output to test the extent to which MHC diversity of individuals was predicted by
degree of monophyly and by divergence between the two most common alleles.

MHC Descriptives

Our sequencing efforts revealed 11 alleles from Ocle-DAB1 and 13 from Ocle-Dab2 (Figure
1a, Table S2). Nine and 12 alleles were previously described alleles from Ocle-DAB1 and
Ocle-DAB?2, respectively (Dearborn et al. 2015) (GenBank accession numbers for new
alleles: KU232398-KU232400). Each gene was dominated by a single common allele: Ocle-
DAB1*004 had a frequency of 0.431 and Ocle-DAB2*0050 a frequency of 0.569, with the
remaining alleles ranging in frequency from 0.003 to 0.152 (Figure 1a, Table S2).

As parts of two different Illumina MiSeq runs of MHC Class 11 B, we obtained 58,864,658
sequencing reads. Valid, barcoded sequences corresponded to 19,275,393 amplicons (i.e.
forward + reverse sequence with a diagnostic barcode combination) with an average FASTQ
quality above Q30. For sequences identified as true alleles, there was a median read depth
per bird per gene of 3,312 and 2,084 valid reads for Ocle-DAB1 and OcleDAB2. Minimum
read depth was 101 and 26 for the two genes, and the number of birds with fewer than 100
reads was 0 and 4, respectively. Heterozygotes did not have greater read depth than
homozygotes (Ocle-DAB1: t = 1.28, df = 208, p = 0.200; Ocle-DAB2: t = 0.12, df = 208, p =
0.902), suggesting that our ability to detect additional alleles in individuals was not limited
by read depth.
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Genotypes of the 188 adults met Hardy-Weinberg expectations at Ocle-DABL1 (p = 0.685),
whereas Ocle-DAB2 showed an excess of homozygotes (77 observed, 67 expected; p =
0.025); at Ocle-DAB2, multiple homozygous genotypes made small contributions to this
pattern, with no particular genotype showing obvious excess (e.g., no observed counts
deviated from expected by more than 3 individuals). As is common in the MHC of mammals
and birds (Jeffreys et al. 2001; Strand et al. 2013), these two MHC Class Il B genes
exhibited composite linkage disequilibrium with each other (p=0.00007), based on a test for
association between diploid genotypes at both loci (Goudet 2002). Analysis of phased
haplotypes in the 99 adults with 2 or 3 alleles revealed a non-significant tendency towards
over-representation of the haplotype comprising the two most common alleles, Ocle-
DAB1*0050 and Ocle-DAB2*004 (observed 83, expected 78.0; Fisher Exact test, p =
0.107); there also appears to be a slight overrepresentation of haplotype Ocle-DAB1*004 /
Ocle-DAB2*0131 (observed 17, expected 10.1) and Ocle-DAB1*055/ Ocle-DAB2*0054
(observed 9, expected 1.6), and a slight underrepresentation of Ocle-DAB1*055/ Ocle-
DAB2*0050 (observed 5, expected 13.4), but a larger sample would be required to assess
whether these are robust patterns.

As with the 21 alleles described previously (Dearborn et al. 2015), the now-expanded set of
24 alleles showed signatures of positive selection at the putative PBS codons (Ocle-DAB1
dn-ds = 3.64, p = 0.0002; Ocle-DAB2 dn-ds = 2.33, p = 0.0106) and not at non-PBS codons
(Ocle-DABL dn-dg = 0.40, p = 0.345; Ocle-DAB2 dy-ds = -0.42, p = 1.00), based on the
modified Nei-Gojobori z-test in MEGA 6.06.

Phylogenetic analyses of alleles from Ocle-DAB1 and Ocle-DAB2 consistently gave rise to
two distinct monophyletic clades corresponding to the two genes. This pattern can be
visualized in a maximum likelihood tree (Figure 2), as with the previously described 21
alleles (Dearborn et al. 2015). Our parsimony-based haplotype network of DNA sequences
(Figure 1a) concurred with ML trees in the clustering of alleles by locus. Furthermore, the
alleles still fell into gene-specific clades in a Neighbor Joining analysis of functional
divergence between alleles based on physicochemical properties of amino acids (Figure S2).
Bootstrap support was not high in the maximum likelihood tree however, this is common for
intraspecific phylogenies of MHC exon 2 sequences subject to diversifying selection
(Anmarkrud et al. 2010; Bollmer et al. 2010). It is also important to bear in mind that,
because of strong diversifying selection on the peptide binding groove encoded by exon 2,
phylogenetic analyses of exon 2 sequences are expected to reveal current similarity rather
than deep evolutionary history.

In line with the reciprocal monophyly of exon 2 alleles of the two genes, the average number
of amino acid differences between alleles was larger between genes than within genes 17.1
+ 2.6 versus 10.1 £ 4.9 SD; t = 14.7, df = 198.5, p < 0.0001; Figure 1b); the same was true
when examining functional distance (3.0 + 0.50 versus 1.77 £ 0.89 ; t = 14.1, df = 204.6, p <
0.0001). Even the most similar Ocle-DAB1 and Ocle-DAB?2 alleles differed by 8 amino
acids. Furthermore, the most common allele of each gene (Ocle-DAB1*004, Ocle-
DAB2*0050) differed from each other by 15 amino acids (compared to an average
difference of 13.7 + 5.2 amino acids across all pairwise comparisons of the 24 alleles,
irrespective of locus); 11 of those differences occurred among the 33 putative PBS codons.
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Overall, the two genes are diverged, rather than homogenized, and any pair of alleles drawn
from different loci will have 8 to 22 amino acid differences, with 4 to 15 of those differences
being at putative peptide binding sites.

Birds in our population had high levels of MHC Class Il B diversity. Considering both genes
in our sample of 188 mated adults and 22 nestlings, most individuals had either three
(37.6%) or four different MHC alleles (47.1%), with an average of 3.3. Pairwise
comparisons of the alleles within an individual (Schwensow et a/. 2008) found a mean
difference of 13.5 amino acids in the 89-codon sequence (range across birds: 10.0 to 18.0),
and an average difference of 9.9 amino acids in the 33 PBS codons (range across birds: 7.3
to 12.5). Importantly, 61.0% of individuals possessed at least one copy of the most common
allele of each gene (Ocle-DAB1*004 and Ocle-DAB2*0050), which differ from each other
by 15 amino acids.

MHC and Mate Choice

Randomization tests supported the hypothesis of random mating rather than disassortative
mating at MHC Class Il B: average MHC similarity between mates

showed no evidence of preference for maximally or intermediately divergent mates, whether
using all 89 codons to examine allele sharing (p = 0.716 for means, p = 0.681 for variances;
Figure S3) or amino acid sequence divergence (p = 0.958, p = 0.947; Figure S4) or using the
33 PBS codons to examine allele sharing (p = 0.888, p = 0.794) or amino acid sequence
divergence (p = 0.910, p = 0.957). Similar results for means and variances were obtained
when amino acid sequence divergence was calculated using other subsets of the exon 2
sequence that we hypothesized might be the most important (e.g., positively selected
codons) or when looking at the two genes individually (Supporting Information).

Mate choice was also random with respect to functional divergence measured by
physicochemical properties of alleles, whether tests of means and variances of mate
similarity used all exon 2 codons (p = 0.796, p = 0.858), the putative PBS sites (p = 0.700, p
=0.847), or positively selected sites (p = 0.690, p = 0.928). We still found evidence of
random mating when assuming that birds can detect only an allele's presence, and not its
number of copies in potential mates (Supporting Information). Lastly, when we modified our
genotype calls based on possible cases of CNV, there was still no evidence of disassortative
mating (Supporting Information). Overall, then, mated storm-petrels show consistent
evidence of randomly assorting by MHC genotypes.

Power analyses showed high statistical power to detect mate choice for amino acid sequence
divergence between mates. The randomization test of means had an 80% likelihood of
detecting a preference for mates that were 0.25 amino acids more disassortative than random
matings (Figure S5a), which corresponds to a 2% increase in the mean MHC divergence
between pairs compared to strictly random mating. In our test for intermediately
disassortative mating, we had an 80% likelihood of detecting a smaller-than-expected
variance in which the MHC divergence of randomly assigned pairs was shifted by just 0.29
amino acids (in 89 codons) inward towards the overall mean of random pairings (Figure
S5b), corresponding to a 26% reduction in variance among pairs in MHC similarity. Because
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alternative measures of sequence divergence are highly correlated with each other (Pearson's
r = 0.912 to 0.985 for measures that include both genes), power should be similarly high
regardless of choice of how to measure MHC divergence.

Despite random mating, mates were dissimilar at MHC. Mated pairs shared, on average,
only 41.3% of their MHC Class Il B alleles, and their alleles were diverged: the average
pairwise divergence between alleles of mates was 12.1 amino acids out of the entire 89-
codon exon 2 sequence (range 7.5 to 17.1; Figure 3), and 9.0 amino acids out of the 33 PBS
codons (range 5.5t0 12.1).

Phylogenetic Permutation Model of MHC

In our model, the average divergence between MHC alleles within individuals decreased in
response to decreases in the extent of monophyly of the two genes' alleles (F1 10 = 190.0, p <
0.0001, r2 = 0.950; Figure 4a). However, the biological magnitude of the effect was small
even in univariate regression, with average MHC diversity decreasing by only 1.4 amino
acids (from 13.6 to 12.2) when moving from perfect monophyly of the two genes to a
completely intermingled arrangement of their alleles. In contrast, the model showed a large
effect for the hypothesized role of divergence between the most common allele at each gene.
As the distance between these two alleles decreased, average divergence between an
individual's alleles decreased sharply, dropping by 4.6 amino acids (from 14.4 to 9.8) across
the examined range of possible distances between these two alleles in a univariate regression
(F1,20=5,276.1, p < 0.0001, r2 = 0.996; Figure 4b). In a multiple regression model testing
the two predictor variables simultaneously (F2 247 = 4,030.4, p < 0.0001, adjusted RZ =
0.970), there were significant effects of both factors: monophyly (F1 247 = 173.6, p < 0.0001)
and distance between common alleles (F1 247 = 7,592.5, p < 0.0001). However, a comparison
of standardized slopes in the multiple regression reveals that within-individual MHC
divergence is much more influenced by the distance between common alleles (beta + SE =
0.960 £ 0.011) than by the extent of monophyly (0.145 + 0.011). Thus, MHC diversity in
individuals is high in part because of two different aspects of the evolutionary history of
MHC alleles in this population: a small influence of monophyly in general, and a larger
influence of the sequence divergence between the most common allele of each gene.

Inheritance of MHC Diversity

We found support for the crucial assumption that MHC divergent alleles between mates
translate to MHC diversity in offspring. Parents with low MHC allele-sharing scores
produced offspring with more MHC alleles (linear regression of 22 families: F1 5o = 10.9, p
=0.0035, r2 = 0.353; Figure 5a). Likewise, mates with large average divergence between
their MHC amino acid sequences produced offspring whose own alleles had sequences that
differed more from one another, whether considering all 89 codons (linear regression of 22
families: Fq 59 = 22.7, p = 0.0001, r2 = 0.531; Figure 5b) or only the 33 PBS codons (F120=
22.8, p = 0.0001, r2 = 0.533).

Paternity Analysis and Tests of Inbreeding/Outbreeding with Microsatellite Markers

Microsatellite data showed no evidence of extra-pair paternity in our sample of 34 single-
chick families (Supporting Information). There were zero genotypic mismatches between
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chicks and putative fathers, and LOD scores for all putative fathers ranged from 3.4 to 14.3,
exceeding the 95% cutoff of 0.73. Combined with previous data showing 0 extra-pair
offspring in 48 families (Mauck et al. 1995), the upper 95% confidence limit on an estimate
of 0% extra-pair paternity in this population is 4.5%. Thus, extra-pair paternity is unlikely to
be common enough to distort patterns of MHC-based mate choice in this population. We
also found no evidence of inbreeding or outbreeding, based on randomization tests of means
(p = 0.566, Figure S6a) and variances (p = 0.934, Figure S6b) in microsatellite-based
relatedness coefficients between mates.

Discussion

Despite random assortment of mates with respect to exon 2 of Class Il B MHC, individual
Leach's storm-petrels have MHC-divergent genotypes, and our model suggests that this
finding is a consequence of divergence between the alleles of the duplicated genes. Random
assortment of mates at MHC was consistent across the wide array of metrics employed and
across different subsets of the data. Also, we found no evidence of heterozygote excess,
contrary to the predictions of a multigenerational history of MHC-disassortative mating.
Finally, our microsatellite data confirmed the absence of inbreeding or extra-pair parentage,
which might have obscured evidence of MHC-disassortative mate choice. Thus, the data
consistently show that mated Leach's storm-petrels truly are assorting randomly with respect
to MHC. Despite random mating, individual genotypes typically consisted of multiple
alleles that differed markedly in amino acid sequences. The results of our model support the
view that the broad occurrence of MHC divergent genotypes is a consequence of two aspects
of the evolutionary history of MHC in this system — a small effect of the monophyly of the
alleles of each gene, and a larger effect of sequence divergence between the most common
allele of each gene.

The alleles of these duplicated genes have exon 2 sequences that sort into two clades that
correspond to the two genes (Figures 1a, 2, and S2). Although the two genes are
distinguishable by the enormous number of fixed differences in areas upstream and
downstream from the exon that encodes the peptide binding groove, it still would have been
possible for mutation, gene conversion, and selection to create a set of exon 2 sequences that
did not sort into two gene-specific clades (Strand et a/. 2013). Such phylogenetic
intermingling of alleles from different loci was not observed in our data and, consequently,
the number of amino acid differences between any two alleles drawn from different genes is
significantly greater than for alleles drawn from within a gene (Figure 1b); the same pattern
was found when measuring functional distance between alleles. Importantly, our model
showed that MHC divergence within individuals decreased when we reduced or eliminated
monophyly and when we forced the two common alleles to be more similar in their amino
acid sequences (Figure 4, Figure S1). Surprisingly, the effect of monophyly on within-
individual MHC divergence was biologically rather small; varying the divergence between
the most common allele of each gene had a stronger impact on MHC diversity (i.e. a steeper
standardized slope in the multiple regression) and was also a more reliable predictor of
MHC diversity (i.e., the small ranges of the boxplots in Figure 4b versus 4a). These two
alleles, Ocle-DAB1*004 and Ocle-DAB2*0050, differ from each other by 15 amino acids in
the 89-codon exon 2 sequence, with 11 of those differences occurring among the 33 putative
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PBS codons, and more than 60% of the individuals in our sample have at least one copy of
both alleles (Figure 1a).

The development of locus-specific primers has allowed us to conclude that the presence of
monophyly and of diverged common alleles contribute to genotypic divergence of MHC in
our population. We hypothesize that this, in turn, obviates the need for MHC-disassortative
mating, but the current state of the field makes it difficult to assess the generality of this
idea. In most studies that test for MHC-disassortative mate choice, genotyping methods
simultaneously assay multiple MHC genes (see literature review in Supporting Information),
making it difficult or impossible to assess the extent of monophyly, amino acid sequence
differences within versus between loci, or even simple allele frequencies. The only exception
is a study of grey mouse lemurs (Huchard et a/. 2013), which assayed single-locus
genotypes at two MHC Class Il loci that had exon 2 sequence diverged into locus-specific
clades (Huchard et al. 2012). Disassortative mate choice was found at DRB but not DQB,
and DRB also showed greater evidence of positive selection. In our storm-petrels, we found
strong evidence of positive selection at the PBS codons of both of the expressed loci that we
assayed. Further tests of our proposed link between random mating and divergent MHC loci
will require locus-specific data from more species, but the continued expansion of high
throughput sequencing methods might only increase the extent to which future MHC studies
sequence amplicons from primers that simultaneously amplify an unknown number of MHC
loci.

An additional set of studies of MHC-disassortative mating have examined one locus (see
literature review in Supporting Information). This does not generally bear on our model and
hypothesis, but a single-locus study of Galapagos sea lions does make an important related
argument (Lenz ef al. 2013). Gal&pagos sea lions resemble our storm-petrels in that
individual MHC genotypes frequently comprise divergent alleles despite random assortment
of mates, because the most common alleles in the population are relatively more diverged
from each other (Lenz et a/. 2013). However, the two datasets differ in the number of MHC
Class 11 B genes — one for sea lions, and two for storm-petrels — and this has important
consequences for whether the system should remain favorably disposed to random mating in
the future. If negative frequency-dependent selection by pathogens is a driver of skewed
allele frequencies (Ejsmond et al. 2010), there will be changes over time in which alleles are
most common. In a single-locus system such as sea lions — or in a two-locus system without
monophyly of the two sets of alleles — frequency-dependent selection by pathogens could
increase the frequency of alleles that happen to be more similar to each other. In that case,
random mating will no longer consistently produce genotypes containing diverged alleles.
Thus, allele frequency changes via pathogen-mediated selection can drive the population
into a situation in which the consistent production of heterozygous offspring could only
occur by disassortative mating. In contrast, a two-locus system with monophyly does not
face that constraint. In our case study of storm-petrels, the current difference between the
most common allele of each gene (Ocle-DAB1*004 versus Ocle-DAB2*0050) is 15 amino
acids. Even if the allele frequencies within each gene shift drastically, the new pairing of the
most common allele from each would still differ by at least 8 — and as much as 22 — amino
acids. If a species has two genes where a diverged set of alleles cluster by locus, this might
ensure that the transiently most common alleles at the two genes will always be quite
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different from each other, even as allele frequencies change over time. Thus, disassortative
mating might remain unnecessary in such a system, whereas it would become needed as a
way to achieve functional heterozygosity in systems with a single locus or with two locus

with intermingled alleles.

Shifts in allele frequencies are of course expected under pathogen-mediated frequency-
dependent selection. Although little is known about pathogen pressures in our storm-petrel
population, the frequency of the most common allele of each gene (0.431 and 0.569) is
higher than what Ejsmond et a/. (Ejsmond et a/. 2010) found under simulations of
heterozygote advantage alone, and instead is more consistent with a current or historical role
for selection by particular pathogens. Leach's storm-petrels have been shown to harbor
feather lice and mites (Fitzpatrick & Threlfall 1977) and a hepatazoon (Merino et al. 2014).
Other pathogens may be likely given the presence of a high-frequency allele at each gene,
and investigation of pathogens may shed light on the likelihood of these allele frequencies
shifting radically in the future. Evolutionary response to pathogen-mediated selection
pressures may also depend on two other features of MHC: copy number variation and
linkage disequilibrium. We found some evidence for CNV in 14% of individuals at one of
our two genes; CNV in some systems is an important contributor to individual MHC
diversity (de Groot et al. 2015; Eimes et al. 2011; Lighten et al, 2014), and the number of
alleles within an individual can be tied to disease resistance (Kurtz et al. 2004; Oliver et al.
2009). We also found evidence of linkage disequilibrium between the two Class Il B genes.
Multi-locus MHC haplotypes have been shown to correlate with disease resistance in some
systems (Hill et al. 1991), but in storm-petrels we do not currently know whether linkage
disequilibrium is due to physical linkage, multi-locus selection, or drift (though the latter is
unlikely given gene flow in the Atlantic basin (Bicknell ef a/. 2012) and a local population
size of approximately 15,000 pairs).

In Leach's storm-petrels, the divergence of MHC alleles at the two genes fosters MHC-
divergent genotypes even without disassortative mating, but there appears to be some scope
for further increases in offspring MHC divergence by actively seeking MHC-disassortative
mates (Figure 5). In other words, why would birds in this population not choose mates based
on disassortative MHC, above and beyond the gains afforded by the diverged duplicated
genes? One possibility is that MHC-disassortative mating in storm-petrels might push
offspring MHC diversity into the realm of “too different”, given data from some studies
showing auto-immune costs of too much MHC diversity (Kalbe et a/. 2009; Wegner et al.
2003). A second possibility is that further gains in offspring MHC diversity might be
somewhat beneficial but that other aspects of mate choice override this effect. If storm-
petrels did not search for MHC-disassortative mates, they might be better able to target other
important traits such as parental care (Mauck et a/. 2011; Ricklefs et al. 1986) or nest burrow
quality (Fricke et al. in press). Broadly speaking, removing one dimension from the mate-
optimization equation would give more flexibility to find a mate with a good combination of
the other key traits.

The evolution of genes after duplication can unfold in different ways, ranging from
neofunctionalization to redundancy to loss of function (Dittmar & Liberles 2010). Based on
data from Leach's storm-petrels, we argue that the divergence of allele sequences between
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duplicated MHC genes can reduce the benefits of actively searching for an MHC-dissimilar
mate, in which case the evolutionary history of duplicated genes is shaping the adaptive
landscape of sexual selection.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Exon 2 variability at two MHC Class Il B loci in 188 adult storm-petrels. (a) Haplotype
network of alleles from Ocle-DABL (yellow) and Ocle-DAB2 (dark blue), created with

Haploviewer (Salzburger et al. 2011) based on the dnapars module in Phylip 3.695

(Felsenstein 2005). Each segment corresponds to one nucleotide change. (b) Histogram of
the number of amino acid differences (of 89 codons total) between alleles in the same locus

or different loci. Within a locus, comparisons of an allele to itself (zero amino acid

differences) are excluded.
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Maximum likelihood tree of complete exon 2 sequences, with midpoint rooting to avoid
assumptions about outgroup homology with duplicated genes. Bootstrap support values are
shown where greater than 50%. Alleles are marked with open circles for Ocle-DAB1 and
solid triangles for Ocle-DAB2. See Figure S2 for a phylogeny based on functional distance

between alleles.
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Distribution of exon 2 MHC amino acid differences between mates, measured as average
number of amino acid differences between all pairwise combinations of a female's alleles
and her mate's alleles, considering all 89 codons (dark bars) or only the 33 PBS codons

(light bars).
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Figure 4.
MHC diversity within individuals, calculated in a model that permutes the locations of

alleles within the distance matrix. MHC diversity is average number of amino acid
differences in pairwise comparisons of an individual's 4 alleles. Box plots show distributions
of model results at each level of the predictor variable.

(a) MHC diversity as a function of the extent of monophyly of the two loci.

(b) MHC diversity as a function of sequence divergence between the most common allele at
each locus.
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In a multiple regression testing both factors as predictors of individual MHC diversity, there
was a steeper standardized slope for the effect of distance between common alleles (beta +
SE =0.960 + 0.011) than for the effect of the extent of monophyly (0.145 + 0.011).
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Class Il B MHC diversity in 22 nestlings and their 44 parents.
(@) Number of MHC alleles in offspring is predicted by allele-sharing between parents.
(b) Average number of amino acid differences between MHC alleles within an offspring is
predicted by average divergence between its parents, based on all 89 codons of exon 2.
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