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ABSTRACT

The major histocompatibility complex (Mhc) is subject to pathogen-mediated balancing

selection and can link natural selection with mate choice. We characterized two Mhc class II

B loci in Leach’s storm-petrel, Oceanodroma leucorhoa, focusing on exon 2 which encodes

the portion of the protein that binds pathogen peptides. We amplified and sequenced exon

2 with locus-specific nested PCR and Illumina MiSeq using individually barcoded primers.

Repeat genotyping of 78 single-locus genotypes produced identical results in 77 cases

(98.7%). Sequencing of mRNA from three birds confirmed expression of both loci,

consistent with the observed absence of stop codons or frameshifts in all alleles. In 48

birds, we found nine and 12 alleles at the two loci, respectively, and all 21 alleles translated

to unique amino acid sequences. Unlike many studies of duplicated Mhc genes, alleles of

the two loci clustered into monophyletic groups. Consistent with this phylogenetic result,

interlocus gene conversion appears to have affected only two short fragments of the exon.

As predicted under a paradigm of pathogen-mediated selection, comparison of synonymous

and non-synonymous substitution rates found evidence of a history of positive selection at

putative peptide binding sites. Overall, the results suggest that the gene duplication event

leading to these two loci is not recent, and that point mutations and positive selection on

the peptide binding sites may be the predominant forces acting on these genes.

Characterization of these loci sets the stage for population-level work on the evolutionary

ecology of Mhc in this species.

Keywords: major histocompatibility complex; seabirds; positive selection; gene

conversion; gene duplication; peptide binding site
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INTRODUCTION

The major histocompatibility complex (Mhc) provides a system for exploring

host-pathogen interactions (Carrington et al. 1999; Hill et al. 1991; Sommer 2005; Thursz

et al. 1997; Wegner et al. 2003), balancing selection (Doherty and Zinkernagel 1975;

Hughes and Nei 1989; Spurgin and Richardson 2010), and the link between natural

selection and mate choice (Ekblom et al. 2010; Milinski 2006; Ober et al. 1997; Potts et al.

1991; Wedekind et al. 1995). Mate choice is expected to target Mhc because of fitness

differences between genotypes (Kaufman and Wallny 1996; Kurtz et al. 2004; Paterson et

al. 1998; Worley et al. 2010), but the action of sexual selection or natural selection on Mhc

may depend on the type and amount and variation in a population. Like members of other

multi-gene families, Mhc genes follow a birth-and-death model of evolution, with genes

arising by duplication and departing by inactivation or deletion (Nei and Rooney 2005; Sato

et al. 2001). Additional evolutionary processes create or eliminate Mhc diversity – point

mutations, gene conversion, recombination, and parallel or convergent evolution (Chaves et

al. 2010; Hess and Edwards 2002; Hughes and Nei 1989; Nei and Rooney 2005; Reusch and

Langefors 2005; Richman et al. 2003; Zangenberg et al. 1995). The relative importance of

these processes is debated and is likely to vary across taxa.

Understanding the drivers of Mhc diversity requires data from many species, but such

efforts are constrained by the difficulty of characterizing Mhc genes in non-model animals

(Bernatchez and Landry 2003). One problem is that gene duplication has led to wide

variation in the number of loci between species (Balakrishnan et al. 2010; Bollmer et al.

2010; Jaratlerdsiri et al. 2014; Kaufman et al. 1999). This gene duplication, along with
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concerted evolution (Alcaide et al. 2007; Bahr and Wilson 2012; Zangenberg et al. 1995),

can make single-locus genotyping difficult (Strand et al. 2013).

Here, we make an initial characterization of Mhc class II B in Leach’s storm-petrel,

Oceanodroma leucorhoa. Seabirds have been suggested as good systems for studying the

interplay between natural selection and sexual selection on Mhc (Zelano and Edwards

2002) because of their long lifespan and monogamy, and because they have olfactory

capability which is thought to be the key to assessing the Mhc genotypes of potential mates

(Boehm and Zufall 2006; Spehr et al. 2006). Leach’s storm-petrels fit all of these

characteristics: they can live more than 25 years (Mauck et al. 2004), have long-term,

monogamous pairbonds (Mauck et al. 1995), and use olfactory cues to find their nesting

burrows and to find food (Grubb Jr 1974; Nevitt and Haberman 2003).

To lay the groundwork for studies of Mhc-targeted mate choice in a framework of

pathogen-mediated selection, three key questions must be answered about the focal

population. First, are the loci under consideration being expressed? If Mhc-based mate

assessment occurs via olfactory detection of Mhc peptides – as has been shown beautifully

in fish, for example (Milinski et al. 2005) – mate-choosing individuals will detect only loci

that are expressed. Mhc pseudogenes may provide an opportunity to study evolution after

the relaxation of selection (Eirín-López et al. 2012), but they would not be plausible

candidates for Mhc-targeted mate choice.

Second, how much diversity exists at exon 2, a segment encoding the extracellular domain
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that presents pathogen peptides to helper T cells? Imagine, for example, that exon 2

diversity within the focal population is extremely high, with a large number of alleles of

roughly equal frequency. In a scenario of selection favoring Mhc-disassortative mating

(Juola and Dearborn 2012), even random mate choice would be likely to produce

heterozygous offspring. In contrast, more targeted mate choice for Mhc complementarity

would be needed to achieve the same outcome in a population with lower allelic diversity.

Third, is there evidence that natural selection has shaped Mhc alleles in a manner

consistent with pathogen-mediated selection? Within exon 2, particular codons translate to

amino acids that interact with pathogen peptides (Brown et al. 1993), and variation at

these peptide binding sites (PBS) governs the particular peptides that can be displayed to

the immune system (Schad et al. 2005). Under pathogen-mediated selection, Mhc alleles

are predicted to show functional differences at the PBS (i.e. a history of positive selection)

while showing purifying selection at non-PBS codons (Bernatchez and Landry 2003).

Therefore, we had three aims in the present study of Leach’s storm-petrels: (1) to

determine the number of Mhc class II B loci and whether each is expressed; (2) to

characterize diversity of exon 2, in terms of the number of alleles, their frequencies, and

their phylogenetic relationships to one another; and (3) to test for evidence of a history of

positive selection on peptide binding sites, as predicted under a paradigm of pathogen

mediated selection. We sampled storm-petrels at the Bowdoin Scientific Station on Kent

Island (44 35'N, 66 45'W), a long-term study site in Canada’s Bay of Fundy (Haussmann and

Mauck 2008; Mauck et al. 2012; Mauck et al. 2004; Ricklefs et al. 1985).
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MATERIALS ANDMETHODS

Sampling Methods

We characterized Mhc class II B loci using 46 reproductively active adults and two

unrelated nestlings, all captured by hand from nest burrows on Kent Island. Blood samples

were taken in 2010 and 2013, by brachial venipuncture. For PCR of genomic DNA, blood

was either stored whole in lysis buffer at ambient temperature (Longmire et al. 1988) or

was separated into plasma and packed cells and then frozen at -20 C. DNA was extracted

with Qiagen DNEasy kits or alcohol precipitation. For RNA analysis, ~ 150 µl whole blood

was suspended in 500 µl RNAlater buffer (Qiagen), stored < 30 min at 4 C, then frozen at

-20 C at the Bowdoin Scientific Station and later stored at -80 C in the lab at Bates College.

Initial Mhc Exploration and Primer Development

We used GenBank Mhc sequences and previously published primers from a variety of

species (Aguilar et al. 2006; Alcaide et al. 2007; Canal et al. 2010; Ekblom et al. 2003; Juola

and Dearborn 2012; Miller and Lambert 2004) to develop and screen preliminary primers

for Leach’s storm-petrels. When examining initial Mhc class II B sequences for Leach’s

storm-petrels that ranged from approximately the end of exon 1 to the start of exon 3

(Online Resource 1), we found conserved regions primarily in introns 1 and 2. In intron 1

in particular, there was a dichotomy of pronounced, fixed differences suggestive of two

different loci. We designed primers for these areas with the goal of developing a nested

PCR that would completely amplify exon 2 in a locus-specific manner while providing a

short enough amplicon for sequencing with 2x250 paired end reads on the Illumina MiSeq
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platform.

Our resulting nested PCR protocol (see below for reaction details) used locus-specific outer

primers that amplified 836 bp of Locus 1 and 747 bp of Locus 2, followed by inner primers

that annealed in the introns immediately flanking exon 2 (Table 1). Because of a fully

conserved sequence in intron 2, we used the same reverse inner primer for both loci, with

locus specificity being provided by the forward inner primer and by both of the outer

primers. This nested PCR yielded locus-specific amplicons that were short enough to be

sequenced with some overlap of the 2 x 250 paired-end reads on the Illumina MiSeq

platform.

Exon 2 Amplification and Illumina Sequencing

For Mhc genotyping, we used this locus-specific, nested PCR (Table 1) to amplify the

complete exon 2 of two Mhc class II B genes. The inner PCR for each individual bird was

conducted with a unique combination of an 8-nt barcode attached to the forward and

reverse primers, to allow subsequent demultiplexing of the sequence data. The barcode

sequences were designed so that any two barcodes differed in at least three positions,

minimizing the chance that a sequencing error would cause an amplicon sequence to be

associated with the incorrect bird. The barcoded primers were tailed at the 5’ end with a

string of five random nucleotides to generate initial sequence diversity and thereby reduce

the need for PhiX spike-in during Illumina sequencing. Thus, the composite inner PCR

primers were 5’–NNNNN-8nt barcode-19nt template complement–3’. Including this

composite primer, the inner PCR amplicon size was 353 bp for Locus1 and 395 bp for Locus
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2, spanning all 270 bp of exon 2.

Reaction components were 1.5 µl 10x GeneAmp Gold Buffer, 1.5 µl 25mM MgCl2, 1.5 µl 2mM

dNTP, 0.5 µl 10µM primer F, 0.5 µl 10µM primer R, 8.925 µl water, 0.075 µl AmpliTaq Gold

DNA Polymerase, and 0.5 µl template DNA. Template for outer PCR was 20 ng/µl genomic

DNA. Template for inner PCR was the undiluted product of the outer PCR. For outer and

inner PCR reactions at both loci, the cycling parameters were 95C for 10min, followed by 25

cycles of 95C for 30 sec, TA for 45 sec, and 72C 60 sec, ending with 72C for 7 min and a 12C

hold. Annealing temperature was 62C for Locus 1 outer and inner, 61C for Locus 2 outer,

and 59C for Locus 2 inner.

We took precautions to minimize the risk of chimera formation (Lenz and Becker 2008) by

using a minimum number of PCR cycles in both the outer and inner PCR reactions, a long

extension time to avoid incomplete synthesis and subsequent heteroduplex formation, and

a hot-start polymerase that lacks proof-reading capability because some studies have found

that proof-reading polymerase enzymes increase the risk of chimeras (Judo et al. 1998;

Zylstra et al. 1998). We also repeat-genotyped 39 individuals by independent amplification

and sequencing.

An aliquot of each reaction was visualized with agarose electrophoresis to assess the

presence and relative concentration of the appropriately sized amplicon. Amplicon

volumes were adjusted prior to pooling in an effort to obtain similar read depth for all birds

during Illumina sequencing.
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A PCR-free Illumina sequencing library was prepared from 1 µg of pooled PCR amplicons

using the KAPA HTP Library Preparation Kit (Kapa Biosystems, Wilmington, MA) and an

Illumina TruSeq style adapter. The “no size selection” protocol was used for the

post-adapter ligation cleanup.

 

Quality control was performed on the resulting library using an Agilent Technologies 2100

Bioanalyzer to characterize DNA fragment size and concentration. The concentration of

DNA fragments with the correct adapters on both sides was determined using a

quantitative PCR strategy, following the kit manufacturer’s protocol (Kapa Biosystems,

Wilmington, MA), and the library was subjected to 2 x 250 bp paired-end sequencing on the

Illumina MiSeq.

To assess the quality of the genotyping procedure, we repeat-genotyped 39 birds at both

loci by independent PCR with a new pair of barcodes. Three negative controls were also

subjected to amplification and sequencing protocols for each locus. Each negative control

contained all PCR reagents except template, and each included its own unique pair of

barcoded primers to allow any contaminant amplicons to be sequenced and recognized.

Processing of DNA Sequence Data

Prior to demultiplexing of the Illumina sequence data and assembling the two ends of the

paired end reads, sequences were trimmed to a length of 200 bp using the FASTX package

(http://hannonlab.cshl.edu/fastx_toolkit/) based on the average quality curve: sequences
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averaged Q25 at 300 bp and Q30 at 200 bp. As the sequence data included both forward

and reserve primer sequences for each amplicon, custom software developed by AGM

sorted the data by amplicon and determined the barcode embedded in both the forward

and the reverse primer to demultiplex the data by both individual bird and MHC II B locus,

discarding any amplicons that could not be resolved due missing primer sequence or

unrecognized barcode. The resulting sample of amplicon sequences was then collated into a

catalog of unique amplicon sequences for each locus, flagging those containing sequence

ambiguities (i.e. sequencing error) or those with read length less than 200 bp for either

primer (i.e. possible PCR contamination). To recover the complete sequence of each

amplicon, the trimmed forward and reverse 200 bp from the paired end reads were then

assembled, with 111 bp overlap for Locus 1 and 73 bp overlap for Locus 2 (all with perfect

consensus in the overlapping sequence).

As allele coverage within bird and locus should vary since the sequencing results are the

product of a pooling of many PCR products, using a coverage cut-off to identify real alleles

(versus sequencing noise) was not feasible as coverage of individual birds for individual

loci varied widely. Instead, when predicting alleles we examined the most abundant

amplicon sequences (i.e. peaks) within a bird/locus: there should be one (homozygous) or

two (heterozygous) amplicons with the highest abundance (i.e. coverage), the remainder

being sequencing error and low abundance amplicons. Using a custom genotyping

algorithm developed by AGM that examined peak abundance relative to sequencing error,

genotype was predicted for all birds/loci for those having at least one amplicon with

coverage greater than 10 (based on examination of amplicon frequencies in the negative
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controls). Any sample with all amplicons with coverage of 10 or less were manually

inspected to determine genotype, if possible. Similarly, any sample unresolved by the

genotyping algorithm was manually inspected to determine genotype. Lastly, a random

sample of 20 algorithm-determined genotypes had their sequencing peaks manually

inspected for confirmation.

Sequences were trimmed to exon 2 based on alignment with Mhc sequences of seabirds in

the orders Procellariiformes, Sphenisciformes, and Charadriiformes: blue petrel,

Halobaena caerulea, JF276893.1; thin-billed prion, Pachyptila belcheri, FJ588549.1;

Galápagos penguin, Spheniscus mendiculus, AB302191.1; little penguin, Eudyptula minor,

AB302093.2; Magellanic penguin, Spheniscus magellanicus, AB303945.1; Humboldt

penguin, Spheniscus humboldti, AB302087.1; African penguin, Spheniscus demersus,

AB301944.1; Atlantic puffin, Fratercula arctica, HQ822509.1; common murre, Uria aalge,

EU326276.1; razorbill , Alca torda, HQ822527.1; black-legged kittiwake, Rissa tridactyla,

HQ822434.1. Putative peptide binding residues of exon 2 at both loci were determined by

comparison with human HLA molecules (Brown et al. 1993) and with similarly aligned

sequences from blue petrel (Strandh et al. 2011; JF276893.1).

RNA Extraction and Sequencing

To determine whether these loci are expressed, we isolated and sequenced mRNA from

three individuals – two adults and one nestling. Whole blood that had been preserved in

RNAlater (Qiagen, Valencia, CA) was thawed, combined with RNA Stat-60 (Tel-Test,

Friendswood, TX), physically homogenized, and mixed with chloroform. Purified RNA was
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isolated from the resulting supernatant with an RNA Clean & Concentrator-5 kit (Zymo

Research, Irvine, CA) according to the manufacturer’s protocol. We digested any potential

gDNA in the extracted RNA with TURBO DNase (Ambion / Life Technologies, Grand Island,

NY).

Because the PCR primers used to amplify gDNA were partially or entirely located in introns,

we used our gDNA sequences to design new exon 2 primers for RNA amplification.

Conserved regions in exon 2 were uncommon and were not amenable to primer design;

therefore, we designed primers that were allele-specific (Online Resource 2). Total mRNA

was reverse transcribed to cDNA and then selectively amplified using the Access RT-PCR kit

(Promega, Madison, WI), with the following reaction conditions: 10 µl 5x AMV/Tfl buffer, 5

µl 2mM dNTP, 5 µl 10µM primer F, 5 µl 10µM primer R, 2 µl 25mM MgSO4, 16 µl water, 1 µl

AMV reverse transcriptase, 1 µl Tfl polymerase, and 5 µl mRNA. Cycling parameters were

45 C for 45 min, 94C for 2min, followed by 45 cycles of 94 C for 30 sec, TA for 30 sec, and 72

C for 30 sec, ending with 72 C for 7 min and a 4 C hold. Depending on the allele-specific

primer, TA was 65 or 67 C, and the total region sequenced per allele was 224 to 246 bp of

the 270 bp exon 2 (Online Resource 2).

Amplicons were gel purified with a Zymoclean Gel DNA Recovery kit (Zymo Research,

Irvine, CA) and then Sanger sequenced in both directions by Operon SimpleSeq (Operon /

Eurofins Genomics, Huntsville, AL). Cloning was not necessary because primers were

allele-specific. Consensus of forward and reverse sequences of each allele from each bird

was compared to gDNA genotype sequences from the Illumina MiSeq run.
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As a last step, we sought confirmation that our cDNA sequences were truly derived from

mRNA rather than from any possible gDNA contamination that had somehow escaped the

DNase treatment. Towards this end, we attempted to use intron-based primers (Table 1) to

amplify Locus 2 via the same nested PCR reaction that had successfully generated the DNA

amplicons for Illumina genotyping. If our mRNA / cDNA sequences are valid, this

intron-based PCR should fail. As a positive control, we simultaneously ran the PCR reaction

on gDNA samples from the same three birds.

Characterizing Allelic Diversity

We used Sequencher 5.2.2 (Gene Codes Corporation, Ann Arbor, Michigan) to edit and align

nucleotide sequences, Clustal2W (Larkin et al. 2007) to align and compare amino acid

sequences, and DNAsp (Rozas et al. 2003) to measure nucleotide diversity. To view the

relationships among alleles within a locus while simultaneously exploring allele

frequencies, we built haplotype networks for each locus with Haploviewer (Salzburger et al.

2011) based on the dnapars module in Phylip 3.695 (Felsenstein 2005). We also wished to

confirm that allele frequencies were not markedly different between males and females.

Because sexes of this species are not distinguishable by plumage or external morphology,

we used a PCR-based sexing technique that amplifies differentially sized introns in the

sex-linked CHD1W and CHD1Z genes with primers 2550F and 2718R (Fridolfsson and

Ellegren 1999).

To assess whether alleles of the two loci are reciprocally monophyletic or, instead, are
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phylogenetically intermingled as would be expected under a scenario of extensive gene

conversion or convergent evolution, we built a maximum likelihood phylogeny of all alleles

from both loci with MEGA 6.0.2 (Tamura et al. 2007) using a GTR+I+G model with 1,000

bootstrap replicates.

We looked for additional evidence of gene conversion or recombination with GENECONV

1.81 (Sawyer 1999). GENECONV uses patterns of variation between aligned sequences to

find pairs of alleles with longer-than-expected regions of sequence identity. We repeated

this analysis using a range of gscale values that influence the extent to which sequences

must be identical. Specifically, we tested for gene conversion under gscale values of 0 (no

mismatches allowed), 1 (small mismatch penalty), 2, and 3 (large mismatch penalty).

Allowing no mismatches means searching only for fully identical sequences, which might

represent recent gene conversion events, while the use of non-zero gscale values allows the

detection of sequences that could be the result of older gene conversion events followed by

subsequent point mutations.

Testing for Positive Selection

We tested for evidence of historical positive selection with MEGA 6.0.2 (Tamura et al. 2007).

The difference in rates of nonsynonymous and synonymous substitutions (dN – dS) was

assessed with a Z-test using the modified Nei-Gojobori method with pairwise deletion of

gaps, a transition/transversion bias of 2, and 1,000 bootstraps for estimating variance.

RESULTS

14



Illumina Sequencing Quality and Data Validation

The Mhc sequences presented here were obtained as part of a larger Illumina sequencing

run. In composite, that run totaled 30,232,256 sequencing reads. The valid, barcoded

sequences resolved to 9,241,320 amplicons (i.e. forward + reverse sequence with a

diagnostic barcode combination) with detection of amplicons for both MHC II B loci from all

storm-petrel DNA samples. Resolved alleles had average amplicon coverage of 1,921 and

1,218 for locus 1 and locus 2, respectively. For locus 1, only 1 resolved allele among all birds

had less than 50-fold coverage, while 9 resolved alleles among all birds had less than

50-fold coverage for locus 2. All of these low-coverage alleles received manual inspection.

None of the negative controls yielded amplicons that were visible on agarose gels and all

negative control sequencing peaks had coverage ≤5 (mean coverage of most abundant two

peaks for the 6 negative controls was 1.42).

A manual inspection of a random sample of 20 algorithm-predicted genotypes did not find

any erroneous results. For additional assessment of genotyping validity, we

repeat-genotyped 39 birds at both loci by independent PCR with different barcodes. Of

those 78 single-locus genotypes which were run in duplicate, 77 (98.7%) produced

identical results. In the remaining case, one of the duplicate genotypes had a peak of

sequencing error as its second most abundant ‘allele’ at Locus 1, causing a false

homozygote call; the true genotype, captured by the repeat sample, was L1A4/L1A60.

For each locus-specific primer set, all birds yielded Illumina genotypes that consisted of

either one or two alleles, as expected if we were separately amplifying two loci.
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Gene Expression

We reverse-transcribed mRNA and amplified and sequenced the resulting cDNA from both

loci for three individuals. For all three birds, the mRNA sequences showed complete

consensus with their DNA genotypes: L1A4/L1A4, L2A50/L2A50 for the first bird;

L1A28/L1A28, L2A50/L2A74 for the second bird; and L1A4/L1A4, L2A131/L2A50 for the

third bird (sequence data in Online Resource 3). Confirming that the cDNA sequences were

truly derived from mRNA and not from gDNA contamination, PCR with these samples failed

when using intron-based primers.

As expected of genes that are expressed and functionally important, all alleles found in the

Illumina genotyping of gDNA (see below) had an open reading frame throughout exon 2,

and the only indel was in-frame (Tables 2 and 3).

Genetic Diversity and Relationship Among Alleles

Among the 48 birds genotyped at exon 2 of both loci, we found 9 alleles at Locus 1

(GenBank KP090142-KP090150) and 12 alleles at Locus 2 (GenBank

KP090151-KP090162), all of which produced unique amino acid sequences (Tables 2, 3, 4).

All but two alleles were found in multiple individuals, and the two unique alleles were

confirmed in duplicate PCR and sequencing. Genotypes of all birds are listed in Online

Resource 4.

Alleles ranged in frequency from 0.010 to 0.479, and both loci had several alleles that were
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fairly common (Fig. 1, Table 2). Amplification of CHD1W and CHD1Z genes revealed that

our sample comprised 25 males and 23 females, and there were no marked differences in

allele frequencies between the sexes (Fig. 1).

A maximum likelihood tree of all alleles combined showed that each locus was

monophyletic (Fig. 2). The tree in Figure 2 was based on all 270 nucleotides of exon 2, but

similar results were obtained when using only 3rd-position bases or only 1st- and

2nd-position bases, and also when using methods other than maximum likelihood (Online

Resource 5).

GENECONV found evidence for up to four cases of a fragment shared between two alleles,

depending on the gscale value used to penalize mismatches (Table 5); the shared sequences

were most frequently detected under a model that allows no mismatches, consistent with

recent enough gene conversion events that no subsequent point mutations have occurred.

Two of the putative gene conversion events were intralocus and two were interlocus. All

shared sequences were located near the start of the exon, and the two interlocus shared

fragments were short relative to the intralocus shared fragments and overlapped only 4 of

33 codons for putative peptide binding sites.

Evidence for Selection

At both loci, there was evidence for positive selection at the peptide binding sites, with dN -

dS > 0, but not at the non-peptide-binding sites (Table 4).

17



DISCUSSION

We found clear evidence for a minimum of two expressed Mhc class II B loci in Leach’s

storm-petrel, with moderate allelic diversity, monophyletic clustering of alleles by locus,

and a signature of positive selection on peptide binding sites.

Because of varying histories of gene duplication, the number of Mhc loci appears to differ

widely between taxa, ranging from only one (Hughes et al. 2008; Zeisset and Beebee 2009)

to perhaps 20 or more (Bollmer et al. 2010), though the methods used in some studies

provide only a minimum estimate of loci rather than an absolute number. Among bird

species, current data suggest the possibility of only one locus in several taxonomic groups:

Psittaciformes (Hughes et al. 2008), Ciconiiformes (Zhang et al. 2006), Falconiformes

(Alcaide et al. 2008), and Sphenisciformes (Bollmer et al. 2007; Kikkawa et al. 2009). Other

avian orders have more loci, but the limited sampling coverage means we should generalize

with caution. There is documentation of at least two loci in a member of Pelecaniformes

(Juola and Dearborn 2012) and at least two to four loci in Charadriiformes (Ekblom et al.

2003; Walsh and Friesen 2003), in a member of Gruiformes (Alcaide et al. 2014), and in

most Galliformes (Jacob et al. 2000; Piertney 2003; Strand et al. 2007; Wittzell et al. 1999).

In contrast, there seems to be a highly variable but much larger number of loci in songbirds,

the Passeriformes (Aguilar et al. 2006; Bollmer et al. 2010; Sato et al. 2001; Westerdahl et

al. 2000; Zagalska-Neubauer et al. 2010). The detection of two loci in our study is similar to

what has been seen in other Procellariiformes (one or two loci (Silva and Edwards 2009;

Strandh et al. 2011)), but we emphasize that additional loci might exist that were not

amplified by the PCR primers we used. A further caveat about cross-species comparisons is
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that many studies have been forced to infer the number of loci based on the maximum

number of alleles amplified in one individual by a primer pair that was not locus-specific.

In our study, the use of locus-specific primers provides strong confirmation that the allelic

sequences in our analyses were drawn from exactly two loci.

A related issue is whether multiple Mhc II B loci in a species are functional. Copies of Mhc

genes arise by gene duplication, after which they may or may not continue to be expressed

(Bollmer et al. 2010; Edwards et al. 2000). In Leach’s storm-petrel, we found clear evidence

that both of these loci are expressed, based on sequencing of mRNA from three genotyped

individuals. This RNA-based evidence for gene expression is consistent with additional

indirect evidence: the absence of stop codons or frame-shift mutations in the alleles found

in our sample. At both of our loci, we found only one type of indel: a 3-bp deletion

beginning in the 219th nucleotide of exon 2. This deletion was found in one allele at locus 1

and three alleles at locus 2 and was the deletion of a complete codon at a non-peptide

binding site. Overall, the nature of the evidence for gene expression at these two loci is

suitable for determining whether the loci are expressed at all, but it cannot address

whether the two loci are expressed equally. Expression levels can vary widely between

duplicated Mhc genes, as has been shown, for example, in chickens at both class I (Wallny et

al. 2006) and class II loci (Jacob et al. 2000; Wallny et al. 2006). It would not be surprising

if the two storm-petrel loci in our study are expressed at different levels, but this remains

unknown, as does the relative importance of the two loci in pathogen defense.

In total, our sample of 48 birds exhibited nine alleles at Locus 1 and 12 alleles at Locus 2, all
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of which were verified and all of which translated to unique amino acid sequences.

Compared to some studies (Alcaide et al. 2008; Alcaide et al. 2014; Juola and Dearborn

2012), this is slightly low allelic diversity, particularly given that the most common three

alleles at Locus 1 and Locus 2 in our sample had combined frequencies of 0.77 and 0.76,

respectively. The observed uneven frequency distribution of alleles is not unusual under

the complex range of balancing selection scenarios that are possible for Mhc (Ejsmond et al.

2010), but the low number of alleles in our sample surprised us somewhat. Although Kent

Island is small, at 80 ha, two factors led us to expect higher genetic diversity: the breeding

population of the island is estimated at 15,000 pairs (L. Minich and R. Mauck, unpubl.), and

natal dispersal precedes the first breeding effort (Bicknell et al. 2014)(Mauck and

Huntington, unpubl. data) resulting in extensive gene flow within the Atlantic and Pacific

population clusters (Bicknell et al. 2012).

At the scale of genes, Mhc diversity is shaped by the gains of gene duplication and the losses

of inactivation or deletion (i.e. a birth-and-death model) (Nei and Rooney 2005; Sato et al.

2001). At the scale of alleles, Mhc diversity can be shaped by an array of processes,

including point mutations and gene conversion (Hess and Edwards 2002). In phylogenetic

analyses of all exon 2 sequences in our study, alleles clustered by locus (Fig. 2). Trees built

with other methods showed the same fundamental pattern of both loci being monophyletic

(Online Resource 5). Some studies of other species have found a similar pattern (Hablützel

et al. 2013; Michel et al. 2009; Worley et al. 2008), but others have found alleles of multiple

Mhc class II loci within a species to be phylogenetically intermingled (Reusch and Langefors

2005; Strand et al. 2013), which is interpreted as evidence for concerted evolution via
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extensive interlocus recombination (Hess and Edwards 2002; Strand et al. 2013). The

pattern of reciprocal monophyly in our study suggests that the gene duplication event

giving rise to the two loci in Leach’s storm-petrels may be a relatively old one that was

followed predominantly by point mutations (and perhaps intralocus gene conversion)

rather than by widespread interlocus gene conversion. This idea is consistent with the

GENECONV results which indicated that exon 2 gene conversion events were few and that

the two interlocus gene conversions involved a relatively short fragment. It is also

interesting to note that all four fragments identified as being involved in gene conversion

were detected under the GENECONV model of gscale=0 that disallows mismatches,

suggesting that these gene conversion events may be recent (i.e. without time for

subsequent point mutations) or that selection is imposing constraints on these particular

shared fragments.

Although nothing is currently known about pathogen-mediated selection pressures in the

Kent Island population, both loci showed evidence of a history of positive selection on the

amino acids that bind to pathogen peptides. Specifically, there was a higher frequency of

nonsynonymous than synonymous substitutions at the putative peptide binding sites (PBS;

Table 4) but no difference between dN and dS at the non-PBS codons. This pattern has been

seen in other taxa (Hughes and Nei 1989; Xi et al. 2014) and is consistent with the idea that

pathogen-mediated balancing selection acts on the peptide binding sites while purifying

selection acts on the remainder of the protein structure (Hughes and Nei 1989; Sommer

2005).
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Moving forward, two population-level aspects of Mhc may be interesting in Leach’s

storm-petrels. First, our view of Mhc evolution in this system would be greatly enhanced

by knowledge of pathogens along with a comparison of Mhc diversity and neutral genetic

diversity across disjunct populations. Leach’s storm-petrel has a very wide geographic

range and there is evidence for gene flow, based on microsatellite markers and mtDNA

control region (Bicknell et al. 2012). If regional variation in pathogens drives Mhc

evolution, a geographic signal of Mhc variation would stand in stark contrast to existing

data from non-Mhc sequences. Second, the relatively low allelic diversity in our population

– along with a moderately high frequency of a handful of alleles – means that mate choice

for Mhc complementarity could be important. This would be in contrast to a population

with extraordinarily high Mhc diversity, in which individuals could mate at random and

stand a good chance of producing heterozygous offspring. The allelic composition of our

study population joins other factors that make Leach’s storm-petrel a likely candidate for

Mhc-based mate choice: long lifespan, long-term monogamy, and demonstrated olfactory

capacity (Huntington et al. 1996).

In sum, we have characterized two Mhc class II B loci that are expressed, are reciprocally

monophyletic, and have experienced positive selection at peptide-binding sites. This sets

the stage for future work on population-level questions about ecology and evolution of Mhc

in this species.
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Fig. 1 Parsimony-based haplotype network for 270-bp nucleotide sequences of exon 2 of

two Mhc class II B genes: (a) nine alleles of Locus 1, and (b) 12 alleles of Locus 2. Size of

circles is proportional to number of copies of each haplotype in a sample of 48 diploid

animals (i.e. 96 alleles total)
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Fig. 2 Bootstrap consensus tree of a maximum likelihood analysis of all alleles from both

loci, implemented in MEGA 6.0.2 (Tamura et al. 2007) using a GTR+I+G model with 1,000

bootstraps. Percentage bootstrap support is shown for each node. See Online Resource 5

for trees built with other methods
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Table 1. Primers used in nested PCR for Locus 1 and Locus 2.

Primer Sequence 5’ to 3’ Location TM (C)

Locus 1 Outer F CGTGGGGAGGAGACCTCA Exon 1, 293 bp upstream from exon 2 64.5

Locus 1 Outer R CTCCACCTCGGGTTGAACT Spans boundary of intron 2 and exon 3 62.3

Locus 1 Inner F AGCCCTGACCTCTCCATGT Intron 1, 32 bp upstream from exon 2 62.3

Locus 1&2 Inner R AGGGAAATGCTCTGCCAAG Intron 2, 26 bp downstream from exon 2 60.2

Locus 2 Outer F GTCCCCAGGCTGAGAAATTG Intron 1, 205 bp upstream from exon 2 62.4

Locus 2 Outer R CCTCACCTTGGGCTGAACT Spans boundary of intron 2 and exon 3 62.3

Locus 2 Inner F GTGCTGAGAGCACCTTGAG Intron 1, 64 bp upstream from exon 2 62.3
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Table 2. Exon 2 nucleotide sequences of Locus 1 and Locus 2. Note that in both loci there are alleles with a 3-bp deletion at

sites 219-221. Reading frame is +3.

LOCUS 1
Allele Freq ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....|70
L1A4 0.427 GGTTTTTCCA GGATATGTTT AAGGCCGAAT GTTACTTCAC CAACGGCACC GAGCGGGTGA GGCTTCTGGC
L1A28 0.177 ...A...... ...A...... .......... .......... .......... .......... ..T......A
L1A55 0.167 .......... ...A...... .......... .......... .......... .......... ..T......A
L1A80 0.052 ...A...... ...A...... .......... .......... .......... .......... ..T......A
L1A113 0.052 ...A...... ...A...... .......... .......... .......... A......... ..T......A
L1A90 0.042 ...A...... .......... .......... .......... .......... .......... ..T......A
L1A79 0.031 ...A...... ...A...... ...AG..... .......... .......... ....A..... ...A.G..A.
L1A60 0.031 ...A...... ...A...... .......... .......... .......... .......... ..T......A
L1A149 0.021 .......... .......... .......... .......... .......... .......... ..........

....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....|150
L1A4 GAGGTACATC TACAACCGGC AGCAGGACGT GCACTTCGAC AGCGATGTGG GGTTCTTTGT GGCTGACACC CCCCTGGGCG
L1A28 C......... .......... .....CG..C .......... .......... ......A... .......... ..........
L1A55 C......... .......... .....CG..C .......... .......... ......A... ...C...... ..........
L1A80 C......... .......... .....TT... .......... .......... ......A... ...C...... ..........
L1A113 C......... .......... .....CG..C .......... .......... ......A... .......... ..........
L1A90 C......... .......... .....TT... .......... .......... ......A... ...C...... ..........
L1A79 .......... C......... .....TT... .......... .......... ......A... .......... ..........
L1A60 C......... .......... .....CG..C .......... .......... ......A... .......... ..........
L1A149 .......... .......... .......... .......... .......... .......... .......... ..........

....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....|230
L1A4 AGCCTGATGC CAAGTACTGG AACAGCCAGC CGGACCTCCT GGAGGACAGA CGGGCTTCGG TGGACACCTT CTGCCGGCAC
L1A28 .....AG... .......... .......... .....A.A.. ....CGG.A. .......... .......... ..........
L1A55 .......... .......... .......... .....A.A.. ......TGA. ......G... .......... ..........
L1A80 .....AG... .......... .......... .....A.A.. ....CGG.A. .......... .......... ..........
L1A113 .....AG... .......... .......... .....A.A.. ....CGG.A. .......... .......... ..........
L1A90 .......... .......... .......... .....A.A.. ......TGA. ......G... .......... ..........
L1A79 .....AT... ....G..... .......... ...C.A.A.. ....C.G.C. ......GA.A .......... ..........
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L1A60 .....AG... .......... .......... .....A.A.. ....CGG.A. .......... ........-- -.........
L1A149 .....AT... ....G..... .......... ...C.A.A.. ....C.G.C. ......GA.A .......... ..........

....|....| ....|....| ....|....| ....|....|270
L1A4 AACTACGGGG TGTGGACCCC TTTCACCGTG GAGAGGAGGG
L1A28 .......... .......... .......... .......A..
L1A55 .......... .......... .......... ..........
L1A80 .......... .......... .......... .......A..
L1A113 .......... .......... .......... .......A..
L1A90 .......... .......... .......... .......A..
L1A79 .......... .......... .......... ..........
L1A60 .......... .......... .......... .......A..
L1A149 .......... .......... .......... ..........

LOCUS 2
Allele Freq ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....|70
L2A50 0.479 GGTTTTTCCA GTGGATAGGA AAGGCTGAGT GTCAGTACCT CAACGGCACC GAGCGGGTGA GGCTTCTGGT
L2A54 0.156 ..G....... .C.A..GTTT .....C.... .......... .......... .......... .........C
L2A131 0.125 ..G....... .C.A..GTTT .....C.... .......... .......... .......... ..TA.....C
L2A74 0.052 .A........ .GAA..GTTT .....C.... .......... .......... .......... .........C
L2A193 0.042 ..G....... .C.A..GTTT .....C.... .......... .......... .......... .........C
L2A539 0.031 .......... .......... .......... .......... .......... .......... ..........
L2A176 0.031 ..G....... .GA...G... .......... ....T...T. .......... .......... .........C
L2A46 0.021 ..G....... .......... .......... .......... .......... .......... ..........
L2A1158 0.021 ..G....... .GA...G... .......... ....T...T. .........G .......... ..T......A
L2A249 0.021 .A........ .GAA..GTTT .....C.... .......... .......... .......... .........C
L2A791 0.010 .A........ .GAA..GTTT .....C.... .......... .......... .......... .........C
L2A1553 0.010 .......... .......... .......... .......... .......... .......... ..TA.....A

....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....|150
L2A50 GAGGTACATC CACAACCGGC AGCAGTTCGT GCACTTCGAC AGCGATGTGG GGTTCTATGT GGCCGACACC CCCCTGGGCG
L2A54 .....C.... T......... .......... .......... .......... .......... .......... ..........
L2A131 .....C.... T......... .......... .......... .......... .......... .......... ..........
L2A74 .....C.... T......... .......... .......... .......... .......... ...T...... ..........
L2A193 .....C.... T......... .......... .......... .......... .......... .......... ..........
L2A539 .......... .......... .......... .......... .......... ......T... .......... ..........
L2A176 .....C.... T......... .......... .......... .......... .......... .......... ..........
L2A46 .......... .......... .....GA... .......... .......... ......T... .......... ..........
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L2A1158 C......... T......... .....GA... .......... .......... .......... ...T...... ..........
L2A249 .....C.... T......... .......... .......... .......... .......... .......... ..........
L2A791 .....C.... T......... .......... .......... .......... .......... ...T...... ..........
L2A1553 A......... .......... .......... .......... .......... .......... .......... ..........

....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....| ....|....|230
L2A50 AGCCTGATGC CAAGTACTGG AACAGCCAGC CGGACCTCCT GGAGCAGAGA CGGGCTGAGG TGGACACCTA CTGCCGACAC
L2A54 .......... .......... .......... .......... .......... .......... .......... ..........
L2A131 .....AT... ....G..... .......... .....A.A.. .......... .......C.. .......... ......G...
L2A74 .....AT... ....G..... .......... .......... .......... ......TC.. ........-- -.....G...
L2A193 .....AT... ....G..... .......... .....A.A.. .......... .......C.. .......... ......G...
L2A539 .......... .......... .......... .....A.A.. ........A. .......... ........-- -.....G...
L2A176 .....AT... ....G..... .......... .....A.A.. .......... .......C.. .......... ......G...
L2A46 .....AT... ....G..... .......... .....A.A.. .......... .......... .......... ......G...
L2A1158 .......... .......... .......... .....A.A.. ........A. .......... ........-- -.....G...
L2A249 .......... .......... .......... .......... .......... .......... .......... ..........
L2A791 .....AT... ....G..... .......... .......... .......... .......... .......... ..........
L2A1553 .....AT... ....G..... .......... .....A.A.. .......... .......... .......... ......G...

....|....| ....|....| ....|....| ....|....|270
L2A50 AACTACGGGG TGTCGACCCC TTTCATCGTG GAGAGGAGGG
L2A54 .......... .......... .......... ..........
L2A131 .......... ..GT...... .....C.... ..........
L2A74 .......... .......... .......... .......A..
L2A193 .......... ..G....... .....C.... ..........
L2A539 .......... ..G....... .....C.... ..........
L2A176 .......... ..GT...... .....C.... ..........
L2A46 .......... ..GT...... .....C.... ..........
L2A1158 .......... ..G....... .....C.... ..........
L2A249 .......... .......... .......... ..........
L2A791 .......... .......... .......... ..........
L2A1553 .......... ..GT...... .....C.... ..........
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Table 3. Amino acid alignment of translated exon 2 sequences of Locus 1 and Locus 2. Note that in both loci there are alleles
with a 3-bp deletion at codon 73. Putative peptide binding sites are shaded in gray.

LOCUS 1 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85
Allele Freq ....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....
L1A4 0.427 FFQDMFKAECYFTNGTERVRLLARYIYNRQQDVHFDSDVGFFVADTPLGEPDAKYWNSQPDLLEDRRASVDTFCRHNYGVWTPFTVERR
L1A28 0.177 Y..E................F.D........RA........Y.........S.........I..RK......................K
L1A55 0.167 ...E................F.D........RA........Y...................I...E..A....................
L1A80 0.052 Y..E................F.D........F.........Y.........S.........I..RK......................K
L1A113 0.052 Y..E............K...F.D........RA........Y.........S.........I..RK......................K
L1A90 0.042 Y...................F.D........F.........Y...................I...E..A...................K
L1A79 0.031 Y..E...S.........Q..HVT...H....F.........Y.........I..D.....AI..QT..EM...................
L1A60 0.031 Y..E................F.D........RA........Y.........S.........I..RK......-...............K
L1A149 0.021 ...D...............................................I..D.....AI..QT..EM...................

LOCUS 2 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85
Allele Freq ....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....
L2A50 0.479 FFQWIGKAECQYLNGTERVRLLVRYIHNRQQFVHFDSDVGFYVADTPLGEPDAKYWNSQPDLLEQRRAEVDTYCRHNYGVSTPFIVERR
L2A54 0.156 V..RMF......L.........A.S.Y..............................................................
L2A131 0.125 V..RMF......L.......Y.A.S.Y........................I..D......I......A...........V...T....
L2A74 0.052 ...EMF......L.........A.S.Y........................I..D.............S...-...............K
L2A193 0.042 V..RMF......L.........A.S.Y........................I..D......I......A...........A...T....
L2A539 0.031 ............L............................F...................I...K......-.......A...T....
L2A176 0.031 V..EM.....H.F.........A.S.Y........................I..D......I......A...........V...T....
L2A46 0.021 V...........L..................D.........F.........I..D......I..................V...T....
L2A1158 0.021 V..EM.....H.F.......F.D...Y....D.............................I...K......-.......A...T....
L2A249 0.021 ...EMF......L.........A.S.Y..............................................................
L2A791 0.010 ...EMF......L.........A.S.Y........................I..D..................................
L2A1553 0.010 ............L.......Y.E............................I..D......I..................V...T....
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Table 4. Diversity at Locus 1 and 2 (n=48 birds) and tests for positive selection.

Region
S, # (%) of
sites
polymorphic

Nucleotide

diversityπ
± SD

# of
nucleotide
haplotypes

# of amino
acid
haplotypes

dN – dS
P-valuea

against H0:
dN = dS

Locus 1

PBS only (99bp) 26 (26.3) 0.10014 ±
0.00382

8 8 3.749 0.0001

Non-PBS only (171bp) 7 (4.1) 0.00983 ±
0.00075

7 5 -0.620 1.0000

All of exon 2 (270bp) 33 (12.2) 0.04219 ±
0.00179

9 9 3.145 0.0010

Locus 2

PBS only (99bp) 27 (27.3) 0.09785 ±
0.00595

12 12 1.759 0.0406

Non-PBS only (171bp) 9 (5.3) 0.01218 ±
0.00112

10 6 -0.476 1.0000

All of exon 2 (270bp) 36 (13.3) 0.04298 ±
0.00266

12 12 1.249 0.1069

aP-value is from a test for positive selection (H0: dN = dS vs. HA: dN > dS) in MEGA 6.0.2, using a modified
Nei-Gojobori method with 1,000 bootstraps, transition:transversion bias = 2, and pairwise deletion of gaps.

Table 5. Putative gene conversion events identified by GENECONV.

Type of Shared
Fragment

Pairs of alleles
Starting
positiona

Length
(bp)

gscale valueb Sim p-valuec

Within-locus L1A4 and L1A149 1 155 0, 2, 3 0.0130

L2A249 and L2A193 14 142 0 0.0439

Between loci L1A55 and L2A791 3 26 0, 2, 3 0.0341

L1A55 and L2A74 3 26 0, 2, 3 0.0341

Outsided None -- None 0.3190
aRelative to start of exon 2
bValues of gscale (0, 1, 2, 3) at which there was significant evidence for this particular gene conversion event
cGlobal p-values from analyses with gscale=0; p-values are simulated via 10,000 permutations and are
adjusted for multiple comparisons
dGene conversion between an allele in the data set and an unknown allele not in the dataset
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