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Abstract

Characterization and population genetic analysis of multilocus genes, such as those found in the major histocompati-
bility complex (MHC) is challenging in nonmodel vertebrates. The traditional method of extensive cloning and San-
ger sequencing is costly and time-intensive and indirect methods of assessment often underestimate total variation.
Here, we explored the suitability of 454 pyrosequencing for characterizing multilocus genes for use in population
genetic studies. We compared two sample tagging protocols and two bioinformatic procedures for 454 sequencing
through characterization of a 185-bp fragment of MHC DRB exon 2 in wolverines (Gulo gulo) and further compared
the results with those from cloning and Sanger sequencing. We found 10 putative DRB alleles in the 88 individuals
screened with between two and four alleles per individual, suggesting amplification of a duplicated DRB gene. In
addition to the putative alleles, all individuals possessed an easily identifiable pseudogene. In our system, sequence
variants with a frequency below 6% in an individual sample were usually artefacts. However, we found that sample
preparation and data processing procedures can greatly affect variant frequencies in addition to the complexity of
the multilocus system. Therefore, we recommend determining a per-amplicon-variant frequency threshold for each
unique system. The extremely deep coverage obtained in our study (approximately 5000X) coupled with the semi-
quantitative nature of pyrosequencing enabled us to assign all putative alleles to the two DRB loci, which is gener-
ally not possible using traditional methods. Our method of obtaining locus-specific MHC genotypes will enhance
population genetic analyses and studies on disease susceptibility in nonmodel wildlife species.
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Introduction

The major histocompatibilty complex (MHC) is the
genetic basis for pathogen resistance in vertebrates (Klein
1986) and the most polymorphic region described in the
vertebrate genome (Hughes & Nei 1989; Klein et al. 2007).
Bernatchez & Landry (2003) compiled compelling
evidence that the MHC represents the best system avail-
able to investigate how natural selection can promote
local adaptation in vertebrates at the gene level. Addi-
tional support for this argument has more recently been
obtained from a variety of taxa, including birds (Ekblom
et al. 2007), fish (Eizaguirre & Lenz 2010) and mammals
(Vassilakos et al. 2009). Evidence of local adaptation to
specific diseases (e.g. raccoon rabies virus; Srithayakumar
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et al. 2011), parasites (Kloch et al. 2010) and habitats
(Cammen et al. 2011; McCairns et al. 2011) implicate these
factors as major drivers of spatial patterns of MHC varia-
tion. High levels of variation in MHC genes have been
interpreted as adaptive by allowing populations to
respond to new and rapidly evolving pathogens and para-
sites via immunological responses and disease resistance
(Yuhki & O’Brien 1990; Langefors et al. 2001). Conversely,
low levels of genetic variation at the MHC have been
linked with increased disease susceptibility and parasite
loads (Paterson et al. 1998; Lenz et al. 2009).

There is a shift towards using functional genetic
markers as tools to evaluate levels of intraspecific differ-
entiation and define units for conservation (Vasemagi &
Primmer 2005; Hansen 2010). Tracking the distribution
and expression of functional genes in the environment
will probably be more effective in determining how
species adapt to changes in local (e.g. disease outbreaks,
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habitat alterations) and global (e.g. climate change) selec-
tive pressures (Zeisset & Beebee 2010).

Wolverines (Gulo gulo) are vagile, elusive carnivores
of conservation concern (Lofroth & Krebs 2007). The cur-
rent North American distribution of wolverines includes
populations in the north-western United States that have
been petitioned for endangered species status (US Fish &
Wildlife Service) and, in Canada, both a western popula-
tion of special concern (extending from the west coast of
Canada to Ontario and the far North) and a functionally
extirpated eastern population with an endangered status
(in Quebec and Labrador; COSEWIC 2003; Fortin et al.
2005). Due to their extensive range, wolverines occupy a
variety of habitat types, from mountains to tundra to
boreal forest. Threats to wolverines also vary across their
distribution, and include exploitation from the fur trade,
predator control programs, and severe habitat loss and
fragmentation resulting from anthropogenic activities
and climate change (Schreiber et al. 1989; Wilson et al.
2000). Varying selective pressures across the range may
promote adaptive variation in genes such as those in the
MHC.

Although examining genetic variability in functional
markers is important for assessing local adaptation in
wildlife species, and MHC genes provide a means of
doing so, MHC characterization in nonmodel species is
rare because of the technical difficulties associated with
profiling this region. Standardized profiling methods
exist for some model organisms (Bunce ef al. 1995); how-
ever, accurate genotyping for the majority of species
remains challenging. For most wildlife systems, the tra-
ditional approach to detecting functional gene variants is
to clone and Sanger sequence multiple PCR amplicons of
the target gene. Multiple clones per sample must be
sequenced to evaluate PCR artefacts that can confound
interpretations and to ensure that all genetic variants
present within an individual are identified. MHC genes
are particularly difficult to characterize as they are multi-
plicated in many species [e.g. beluga whales (Delphin-
apterus leucas), Murray & White 1998; bank voles
(Clethrionomys  glareolus), Axtner & Sommer 2007;
collared flycatchers (Ficedula albicollis), Zagalska-Neu-
bauer et al. 2010] and the number of copies can even vary
among populations within species [e.g. wild boars (Sus
scrofa), Barbisan et al. 2009; threespine sticklebacks (Gast-
erosteus aculeatus), Eizaguirre et al. 2011]. Variable copy
numbers of MHC genes is likely due to relatively fre-
quent gene duplications and deletions (Nei et al. 1997),
possibly caused by the trade-off between having a
greater number of alleles (and consequently being able
to defend against a greater number of pathogens) and
the costs associated with them, such as a reduced T-cell
repertoire when individual allelic variation is high (see
the optimality hypothesis, Nowak et al. 1992; Milinski

2006). Multiple loci result in a greater maximum number
of alleles per individual and a consequent increase in the
number of clones that need to be sequenced to capture
all of the allelic variation within an individual. For exam-
ple, raccoons (Procyon lotor) have a duplicated MHC
Class II DRB exon 2, requiring the sequencing of 16
clones per individual to have 96% confidence that all
four possible alleles were detected (Castillo ef al. 2010;
Srithayakumar et al. 2011). Overall, cloning and Sanger
sequencing of MHC genes is time-consuming and costly,
making it difficult or practically impossible to obtain the
high sample sizes required for many studies, particularly
for those elucidating spatial patterns of genetic variation.
Further, it is generally difficult to assign alleles to their
respective loci to improve the power and resolution of
genetic analyses.

To avoid the cost of cloning large numbers of
individuals, several profiling techniques based on con-
formational screening of genetic variation have been
developed. These include single-strand conformation
polymorphism (Bryja et al. 2005; McCairns et al. 2011),
denaturing gel gradient electrophoresis (Langefors et al.
2000) and reference strand-mediated conformational
polymorphism (Kennedy et al. 2005). These systems are
not only time-consuming, but are technically problem-
atic, have limited resolution to distinguish between
alleles and are often unreliable when genetic variability
is high (Babik et al. 2009). More recently, the use of the
massively parallel 454 sequencing method (Margulies
et al. 2005) for MHC genotyping of nonmodel vertebrates
has been explored in the literature (Babik et al. 2009;
Galan et al. 2010; Zagalska-Neubauer et al. 2010). As
sequences are derived from a single DNA molecule, this
method is equivalent to sequencing clonally amplified
products. Further, by using individually coded primers
for PCR, amplifications of multiple individuals can be
sequenced simultaneously and individual-based data
separated after sequencing is complete (Binladen et al.
2007; Meyer et al. 2008; Babik et al. 2009). The high
redundancy of data relative to cloning allows for the
purging of sequence artefacts (Moore et al. 2006; Brock-
man et al. 2008; Galan et al. 2010). Multiple bioinformat-
ics pipelines are being developed to increase the ease
and efficiency of obtaining genotypes from data sets
containing hundreds of thousands of sequences (Meglécz
et al. 2010; Stuglik ef al. 2011). Multilocus genotypes
obtained wvia 454 sequencing have been verified by
limited cloning (Kloch et al. 2010; Promerova et al. 2012)
and replicate genotyping (Galan et al. 2010; Kloch et al.
2010; Promerova et al. 2012). Therefore, the use of 454
sequencing technology as a method to profile MHC in
large-scale studies is promising and would benefit from
further validation and a comparison of various technical
and analytical methods being developed.
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Here, we used DNA samples obtained from across
the western Canadian range of wolverines to sequence a
185-bp fragment of MHC DRB exon 2 using 454 sequenc-
ing technology accompanied by traditional cloning and
Sanger sequencing. Our main objectives were to: (i) eval-
uate sample preparation and data processing procedures
for 454 sequencing of MHC compared with traditional
cloning and Sanger sequencing methods and (ii) charac-
terize the MHC DRB gene in wolverines for use in future
studies of adaptive variation. We aim to evaluate the via-
bility of the 454 sequencing approach for future profiling
efforts of wolverines and other nonmodel species of inter-
est to facilitate large-scale wildlife studies in evolutionary
ecology and conservation.

Methods

Sample collection

This study combines samples collected and extracted by
Kyle & Strobeck (2001, 2002) and Zigouris et al. (2012)
from across the western Canadian range of wolverines.
A total of 88 individual samples were used in this study,
originating from British Columbia (n =20), Yukon
(n=5), Northwest Territories (n =18), Manitoba
(n = 18) and Ontario (n = 27). All samples were collected
between 1962 and 2009 and were either (i) tissue samples
collected opportunistically from incidental mortalities,
(ii) pelt samples obtained from trapper harvests, or (iii)
hair samples collected using noninvasive hair snares.
Samples were extracted using a DNEasy Blood & Tissue
kit (QIAGEN) according to the manufacturer’s instruc-
tions and microsatellite markers were used to confirm
that each sample represented a different individual (see
Zigouris et al. 2012 for additional details).

454 Sequencing

A 185-bp fragment of MHC class II DRB exon 2 was
amplified using the primer pair DRB-5¢ (TCAATGG-
GACGGAGCGGGTGC; Gillett 2009) and DRB-3¢ (CCGC
TGCACAGTGAAACTCTC; Murray & White 1998).
There was no prior knowledge on DRB variability and
duplication for wolverines. The amplified fragment was
prepared for 454 Titanium sequencing in two ways using
blunt-ended libraries. The first method (A) was used on
a subset of 10 individuals, whereas the second method
(B) was used on the remaining 78 samples (Table S1,
Supporting information).

Method A. Amplicon libraries were produced using the
modified primers A-DRB-5c¢ and B-DRB-3¢, which con-
sisted of a 19-mer adaptor required for emulsion PCR
and 454 sequencing added to the 5 end of the DRB
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primers (GCCTCCCTCGCGCCATCAG for A-DRB-5¢
and GCCTTGCCAGCCCGCTCAG for B-DRB-3c; Table
S2, Supporting information for fusion primer sequences).
The key sequence TCAG at the 3’ ends of adaptors A and
B was used as a quality control measure to validate the
reads during the BaseCall step. Amplification consisted
of a 50 uL reaction containing 1x Q-solution (QIAGEN),
1x PCR Buffer, 0.2 mm of each dNTP, 1.5 mm MgCl,,
0.55 um of each HPLC purified primer, 0.1 U/ul Tag
DNA Polymerase (QIAGEN) and 20 ng of DNA with the
following cycling conditions: 94 °C for 5 min, 35 cycles
of 94 °C for 30 s, 61 °C for 1 min, and 72 °C for 1 min,
followed by a final extension of 60 °C for 45 min. PCR
product was purified and concentrated using a QIAGEN
MinElute PCR Purification Kit following the manufac-
turer’s instructions and quantified using PicoGreenTM
fluorescence enhancement (Molecular Probes). Quanti-
fied product was mailed on ice to the Génome Québec
Innovation Center at McGill University. Prior to sequenc-
ing, the amplicons were re-amplified using primers com-
posed of (i) Roche/454 Titanium sequencing primers; a
distinct 10 bp Multiplex Identifier (MID) adaptor devel-
oped by Roche Diagnostics for use in the 454 GS FLX
Titanium Chemistry (added to the 5’ end of the A primer
only), and (ii) the appropriate FLX adaptor sequence.
The resulting bar-coded, Titanium-suitable amplicons
were quantified using PicoGreenTM, pooled in equimo-
lar concentrations for emulsion PCR, and sequenced in
the forward strand orientation from DRB-5c to DRB-3¢
on 1/8th of a run using a 454 GS FLX system (Roche
Diagnostics).

Method B. Amplicon libraries were produced using mod-
ified reverse primer B-DRB3c MID, consisting of a 6-mer
(CTATGC) at the 5 end, a 19-mer required for use in
emulsion PCR and 454 sequencing (GCCTTGCCAGCCC
GCTCAGQG), and the DRB-3c primer (Table S2, Supporting
information). Each sample in a run was amplified using
a unique forward primer consisting of a 6-mer (CGT
ATC) at the 5’ end, a 19-mer (GCCTCCCTCGCGCCAT-
CAG), a unique 10-bp MID adaptor (MID1-MIDS,
MID10-MID11, MID13-MID16; Roche Diagnostics), and
the DRB-5¢ primer. Amplification consisted of a 50 uL
reaction containing 1x Q-solution (QIAGEN), 1x PCR
Buffer, 0.2 mm of each dNTP, 1.5 mm MgCl, 0.45-
0.55 um of each HPLC purified primer, 0.1 U/ulL Tag
DNA Polymerase (QIAGEN) and 40 ng of DNA with the
following cycling conditions: 94 °C for 5 min, 35 cycles
of 94 °C for 30 s, 61 or 63 °C for 1 min, and 72 °C for
1 min, followed by a final extension of 60 °C for 45 min.
PCR product was purified using a QIAGEN MinElute
PCR Purification Kit following the manufacturer’s
instructions, quantified using PicoGreenTM fluorescence
enhancement and standardized to 30 ng/uL. A portion
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of the standardized product was mailed on ice to the
Génome Québec Innovation Center at McGill University
where it was amplified by emulsion PCR and sequenced
in the forward strand orientation from DRB-5¢ to DRB-3¢
on 4/8th’s of a run (12-14 samples per 1/8th of a plate)
using a 454 GS FLX system (Roche Diagnostics). Remain-
ing samples were run in-house (Natural Resources DNA
Profiling and Forensics Centre) using a Roche 454 GS
Junior System. A maximum of only 14 MID tags were
used per run and tag sequences differed by at least 6/10-
bp, making misassignment of reads to amplicons due to
sequencing errors unlikely.

Data processing using a four-step procedure. Data generated
from 454 sequencing was analysed in two ways. First, a
subset of 20 samples were processed following a four-
part stepwise procedure based on Galan et al. (2010) to
detect and discard the majority of reads that exhibited
sequencing errors or represented nontarget genes.
Briefly, the steps are as follows:

Step 1: Bar-coded amplicons were initially separated
into samples using 454 software. Reads with incom-
plete primers or barcodes, or containing indels that
were not multiples of 3 bp were removed from the
data set. The remaining reads were filtered using
Sequencer (an early version of the jMHC software;
Stuglik et al. 2011). Reads that were not an exact match
to the forward primer or < 200 bp in length were
removed from the data set. Variants that occurred only
once in an individual amplicon were then removed
from the data set to facilitate bioinformatics by
improving resolution when examining variants
according to their frequency in a particular amplicon.
Step 2: The T, threshold developed by Galan et al.
(2010) represents the minimum number of sequences
per amplicon necessary for reliable genotyping, or the
number of sequences necessary to achieve a 99.9%
probability of amplifying, at least three times, all vari-
ants of a gene in a particular sample. This threshold
depends on the number of copies of the gene of inter-
est, not previously known for DRB in wolverines.
However, due to the extreme depth of sequences
obtained in our study, the T; thresholds were
surpassed for the number of gene copies expected
based on characterized DRB genes in other mammals.
For example, T1=46 for a duplicated gene such as
DRB in sea otters (Enhydra lutris; Bowen et al. 2006)
and raccoons (Procyon lotor; Castillo et al. 2010; Sritha-
yakumar et al. 2011) and the lowest number of
sequences obtained for a single amplicon in our study
was 1605 after initial screening processes in step 1.
Step 3: The T, threshold was designed to eliminate ar-
tefactual variants arising from substitution errors

based on the frequency of a variant within a sample
(F;) and the assumption that artefactual variants
should occur at lower frequencies than true variants.
This threshold is expected to vary depending on the
complexity of the system (e.g. the number of gene cop-
ies). Galan ef al. (2010) recommended a T, of 4% on a
sample-by-sample basis for their rodent system based
on a plot of the distribution of Fj;, which resulted in
95% reproducible genotyping. To assess the appropri-
ateness of this threshold value for our system and to
evaluate the complexity of our system we plotted the
distribution of the variant frequencies per individual
sample (Fj;) and compared it with the expected distri-
bution of a single copy (maximum number of alleles
[m] = 2), duplicated (m = 4), and triplicated (m = 6)
gene in a diploid species. All variants with F;; < T, in
each sample were considered artefactual within that
sample and were removed from that sample.

Step 4: All remaining variants were aligned together
as well as separately for each sample and visually
inspected in MEGA v. 4.1 (Kumar et al. 2008) as both
nucleotide and amino acid sequences. We identified
and eliminated pseudogenes based on the presence of
indels or stop codons and eliminated PCR chimeras
based on their distinction of always co-occurring with
both parental sequences of higher frequencies in the
same sample. Remaining variants were considered to
be putative alleles.

Data processing using SESAME. The second method of
data processing was undertaken for 78 samples using
SESAME (Sequence Sorter & Amplicon Explorer), devel-
oped by Meglécz et al. (2010). Unlike the previous
approach, which utilizes sequences that have already
been separated based on their sample-specific MID tags,
SESAME requires the complete raw data file for a run
and then assigns reads to loci and individuals. We used
a wolverine MHC DRB exon 2 sequence (Gugu-DRB*04)
confirmed via cloning as a marker reference sequence.
Sequences are assigned to samples based only on perfect
tag matches, although primer mismatches are allowed.
Variants are aligned for each sample individually using
MUSCLE (Edgar 2004). SESAME removes the primer
and tag sequences and provides statistics about each var-
iant to aid in allele validation, such as the frequency of
the variant in that particular sample (F;), the number of
sequences of that variant in the sample and in the run,
and the number of samples containing that variant in the
run. SESAME automatically incorporates the T, thresh-
old described earlier and red flags samples with inade-
quate numbers of sequences.

SESAME then allows the user to call alleles based on
their own criteria. First, we used a conservative 8% T,
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threshold and called all variants with F;; > T, as putative
alleles. Due to our deep sequencing and high proportion
of low-frequency variants in our data set, we scrutinized
the few variants with a frequency of 4-8% and found
they could be easily distinguished into two categories.
First, there were variants that were only found in one
sample and were identical to another putative allele in
the same sample except for errors associated with homo-
polymer runs (a well-established issue with 454 Tita-
nium technology; Moore et al. 2006; Brockman et al. 2008;
Babik et al. 2009). These variants, as well as those with
frequencies of less than 4%, were classified as artefactual
variants. Second, variants with nucleotide differences
from other alleles in the same sample outside of a poly-G
region and were validated in other samples based on
F;j > 8% were called putative alleles.

Similar to Step 4 mentioned earlier, all putative alleles
were aligned together in MeGa v. 4.1 (Kumar et al. 2008),
as well as separately for each sample automatically in
SESAME, to facilitate manual identification and elimina-
tion of pseudogenes and PCR chimeras. We performed a
protein—protein BLAST search of the National Center for
Biotechnology Information database (Altschul et al. 1990,
http:/ /blast.ncbi.nlm.nih.gov/Blast.cgi) for each trans-
lated allele to determine amino acid sequence identity to
other mammalian DRB genes.

Cloning

Using the same primer pair as mentioned-above (DRB-5¢
and DRB-3c), a fragment of DRB exon 2 was amplified
for cloning and Sanger sequencing in the same 20 indi-
viduals that were analysed via the stepwise procedure
(Table S1, Supporting information). PCR amplification
consisted of a 15 uL reaction containing 1x Q-solution
(QIAGEN), 1x PCR Buffer (200 mm Tris-HCI [pH 8.4],
500 mm KCl), 0.2 mm of each dNTP, 1.5 mm MgCl,,
0.45 um of each HPLC purified primer, 0.05 U/uL Tag
DNA Polymerase (QIAGEN) and 20 ng of DNA with the
following cycling conditions: 94 °C for 5 min, 35 cycles
of 94 °C for 30 s, 59 °C for 1 min, and 72 °C for 1 min,
followed by a final extension of 60 °C for 45 min. PCR
product was cloned using a TOPO TA Cloning Kit (Invi-
trogen) according to the manufacturer’s instructions with
the following modifications: 0.8 uL of vector and DNA
ligation was 30 min at room temperature. After an over-
night incubation at 37 °C, colonies were picked from
plates and added to 50 uL of 0.1x TE. Samples were
boiled (100 °C for 10 min) and amplified using primers
M13F and M13R (Invitrogen) to confirm that the PCR
product was inserted. Amplification consisted of a 10 uL
reaction (1x Q-solution, 1x PCR Buffer, 0.04 mm of each
dNTP, 1.5 mm MgCl,, 0.20 um of each primer, 0.05 U/uL
Tag DNA Polymerase and 2 uL of cloned product) with
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the following cycling conditions: 95 °C for 5 min, 30
cycles of 95 °C for 30 s, 55 °C for 30 s, and 72 °C for
30 s, followed by a final extension of 72 °C for 2 min.
Amplified product was visualized on a 1.5% agarose gel
stained with ethidium bromide. PCR products containing
inserts of the correct size were purified using ExoSap-IT
(New England Biolabs) following the manufacturer’s
instructions, and sequenced using a BigDye" Terminator
v3.1 Cycle Sequencing Kit (Applied Biosystems). PCR
product from the first amplification was also sequenced
directly to confirm the sequence variation observed in the
clones. A total of 326 clones were sequenced with between
7 and 35 clones sequenced per sample (mean = 16). PCR
product was electrophoresed and visualized on an ABI
3730 DNA Analyzer (Applied Biosystems).

Sequences were edited and aligned using MEGA v. 4.1
(Kumar et al. 2008). Sequences were accepted as putative
alleles if they were identified from multiple clones in
more than one individual or multiple clones in one indi-
vidual from two separate PCRs and therefore unlikely to
be the result of PCR error. After pseudogenes and PCR
chimeras were eliminated, putative alleles were com-
pared to those determined using 454 sequencing.

Characterization

Genotyping and locus assignment. Between two and four
alleles were detected per individual, suggesting that
two loci were amplified. Due to the semi-quantitative
nature of pyrosequencing, we were able to distinguish
whether individuals were homozygous or heterozygous
at a given locus based on the frequency of allelic vari-
ants in each sample (F;;). We observed that in samples
with four alleles, all alleles were present at about equal
frequencies (e.g. 1x). In samples with three alleles, one
allele was present at approximately twice the frequency
(2x) of the remaining two alleles (1x). In samples with
two alleles, both alleles had a frequency of 2x. This pat-
tern was observed in all samples and the sum of the fre-
quencies of all putative alleles in a sample equalled 4x.
This evidence is consistent with alleles at a locus for
which an individual is homozygous producing a fre-
quency of 2x and alleles at a locus for which an individ-
ual is heterozygous producing a frequency of 1x. There
was no evidence to suggest alleles may be shared
among loci (e.g. alleles with frequencies > 2x); however,
further genotyping is needed to validate this assump-
tion. Based on individuals who were presumed homo-
zygous at a locus, we were able to assign all alleles to
the two loci, thereby creating complete diploid genotypes
for all individuals. We used Arlequin v. 3.11 (Excoffier
et al. 2005) to perform a Monte Carlo approximation of
Fisher’s exact test for linkage disequilibrium between the
two loci (o = 0.05).
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Tests for selection. Allelic nomenclature was based on
rules set by Klein et al. (1990). We identified sites puta-
tively associated with the peptide binding region (PBR)
based on the human MHC II molecular structure (Brown
et al. 1993; Stern et al. 1994) and tested for selection on
each locus separately. We computed the following statis-
tics in MEGA for the entire fragment, the PBR only, and
the non-PBR only: (i) Average pairwise nucleotide
distance using the Kimura 2 parameter model (K2P); (ii)
Poisson-corrected amino acid distance; (iii) Average rate
of synonymous (ds) and nonsynonymous (dy) substitu-
tions per site (modified Nei-Gojobori method with the
Jukes—Cantor correction for multiple substitutions; Nei &
Gojobori 1986). The 1000 bootstrap replicates were used
to obtain standard errors for each statistic. We performed
a one-tailed Z-test in MEGA using rates of dy and dg
calculated under models of neutrality and positive selec-
tion to test methods of selection acting on DRB exon 2 in
wolverines.

Phylogenetic analysis. We determined the best model of
nucleotide substitution to be F81 + G by evaluating Ak-
aike’s Information Criterion (Akaike 1974) in jModelTest
v. 0.1.1 (Posada 2008). The Markov chain Monte Carlo
analysis in MrBayes v. 3.1 (Ronquist & Huelsenbeck
2003) was used for Bayesian inference of phylogeny.
Analyses were run using 10 million generations and a
sample frequency of 5000, with 25% discarded as burn-
in. We used SplitsTree4 (Huson & Bryant 2006) to visual-
ize the resulting unrooted phylogenetic tree. European
mink (Mustela lutreola; accession number EU263556.1;
Becker et al. 2009), sea otter (Enhydra lutris; accession
number EU121855.1; Aguilar et al. unpublished data),
and raccoon (Procyon lofor; accession number
GU388377.1; Castillo et al. 2010) DRB exon 2 sequences
were included based on high sequence identity to the
wolverine DRB alleles to assess the relationship among
these mammalian DRB genes. These species have either
one (European mink; Becker et al. 2009) or two (sea otter
Bowen et al. 2006 and raccoon Castillo et al. 2010) DRB
loci.

Results

454 sequencing

A 185-bp region of MHC DRB exon 2 was amplified and
sequenced using a 454 Titanium sequencer for 88 wol-
verines. A total of 183 655 sequences were obtained for
20 individuals that were analysed using a four-part
stepwise procedure based on Galan et al. (2010). 135 824
sequences (74%) were retained following the initial
screening processes in step 1, of which 31 853 (17% of
all reads) had a per-amplicon frequency of 1 and were

subsequently removed. Following step 1, the average cov-
erage was 5199 + 1586 reads per amplicon (range = 3512—
8219). Due to this extremely high coverage, all samples
were assumed to surpass the T; threshold. Therefore, no
samples were removed during step 2. The distribution of
variant frequencies per sample (Fig. 1) showed the high-
est proportion of variants having a frequency of 0-2%,
with a lack of variants in the frequency range of 30—
100%. This distribution is consistent with a high hetero-
geneity of alleles at a locus that is multiplicated. The
abundance of variants found at extremely low frequen-
cies represents artefactual variants due to PCR or
sequencing errors. Based on the variant frequency cate-
gory with the fewest number of sequences, we deter-
mined the T, threshold separating artefactual variants
from true alleles in our data set to be about 4-6%. Con-
sidering only those variants with either F;> 6% or
Fij < 6% and confirmed via cloning (of which there were
11; Table 1), nine putative alleles were identified. Upon
alignment, one variant that was present in all individuals
was identified as a pseudoallele based on the fact that
it contained a single base pair deletion immediately
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Fig. 1 The distribution of the frequency of each variant j in each
sample i (Fj;) for frequencies of (A) 0-100% and (B) 0-10%
obtained from 454 sequencing of wolverine (Gulo gulo) MHC
DRB exon 2 alleles and analysed following methods by Galan
et al. (2010). Variants with a per-amplicon frequency of one were
not included.
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Table 1 Per-amplicon variant frequencies (F;)) of major histocompatibility complex DRB exon 2 alleles and a pseudoallele obtained via

454 sequencing and stepwise analysis with tagging method A or B for 20 wolverines (Gulo gulo)

Gugu- Gugu- Gugu- Gugu- Gugu- Gugu- Gugu- Gugu- Gugu-
Individual DRB1*02  DRB1*04  DRB2*01 DRB2*05  DRB2*06 = DRB2*08  DRB2*09  DRB2*11 DRB*03
Method A
ON-298 18.1 (3) 11.4 (4) 9.4 ()
ON-36734 16.8 (3) 4103) 49 (1) 9.7 (3)
ON-36735 5.4 (6)" 7.6 (0) 6.6 (5) 4.0 (6) 8.3 (5)
ON-36736 16.1 (1) 19.3 (3) 7.5(1)
ON-36739 6.4 (4) 7.7 (3) 9.6 3) 50Q) 8.0(1)
ON-36740 17.5 3) 17.5 (7) 8.1 (6)
ON-806 14.7 (1) 9.6 (4) 5.6 (3)" 7.0 (4)
ON-811 14.9 (10) 10.6 (3) 5.1(6) 9.3 (4)
ON-860 15.8 (13) 29@3)" 37" 7.4 (3)
ON-875 6.2 (3) 8.3 (6) 5.6 (1) 4.0 @3) 11.1 (11)
Method B
NWT-2215  11.2(2) 10.4 (0) 12.6 (5) 11.3 (0) 113 4)
NWT-2216  23.9(2) 25.0 (1) 11.9 (1)
NWT-2217 134 (0) 10.3 (0) 13.5 (1) 13.0 2) 6.5Q)
NWT-2218  11.8(2) 12.6 (1) 10.7 (2) 9.2 (0) 11.5 (4)
NWT-2219  13.1(3) 10.2 (0) 14.4 (2) 13.9 (1) 6.2 (8)
BC-236 24.6 (0) 14.2 (3) 11.9 (1) 8.2 (1)
BC-237 24.4 (5) 11.4 (0) 12.0 2) 7.99 (2)
BC-246 21.6 (5) 22.0 (3) 13.1 (5)
BC-247 10.5 3) 9.7 (1) 23.9 (6) 12.3 (6)
BC-202 12.4 (1) 11.5 (1) 233 (4) 11.8 (2)

The number of clones of the same sequence obtained via Sanger sequencing are in parentheses. Variants with low sample frequencies

are indicated by asterisks (*< 6%, ** < 4%).

following the primer sequence that resulted in a frame-
shift mutation and two premature stop codons. There
were no indels or premature stop codons detected in the
remaining variants and no alleles displayed the pattern
characteristic of PCR chimeras. Therefore, eight putative
alleles were retained in step 4.

The 510 651 reads from 454 sequencing of 78 samples
were inputted in SESAME. Following assignment of
reads to the marker reference sequence and sample MID
tags, a total of 428 324 sequences were aligned and
trimmed. The average coverage per sample was 5491
(£ 1704) and ranged from 2241 to 10 330; therefore, all
samples surpassed the T; threshold. Variants with
F;; > 8% were considered putative alleles. Of the eight
variants that had a sample frequency of 4-8%, three sat-
isfied the criteria of (i) containing nucleotide differences
from other alleles in the same sample outside of a poly-G
region and (ii) being validated in other samples based on
F;; > 8%. These three variants were considered putative
alleles at frequencies of 4%, 6%, and 8%. The five vari-
ants that did not meet these criteria had frequencies of 4-
5% and were eliminated along with all variants with
Fij <4%. Again, we found and eliminated a pseudoallele
that was detected in all samples (identical to that
detected by the stepwise procedure above). No other
putative alleles were eliminated, resulting in ten putative

© 2012 Blackwell Publishing Ltd

alleles, eight of which were identical to those detected in
the 20-sample subset by the stepwise procedure.

Of the two methods of sample tagging used for 454
sequencing, sample variant frequencies for putative
alleles tended to be higher using Method B (Table 1). For
example, there were 11 incidences of putative alleles with
Fij <6% in the ten samples prepared using Method A
and zero incidences in the ten samples prepared using
Method B.

Cloning

Cloning and Sanger sequencing of 20 individuals failed to
detect nine alleles observed using pyrosequencing, leading
to incorrect genotypes for 7/20 individuals (Table 1). In
one individual (ON-860), two alleles observed using clon-
ing were also detected using 454 sequencing, but at sample
frequencies lower than 4%. Nine alleles observed using
cloning were observed at per sample variant frequencies
of 4-6%. All 11 incidences of F; < T, for cloned alleles
occurred in samples prepared using Method A.

Characterization

Ten unique alleles were found at the two DRB loci ampli-
fied in this study as well as one pseudoallele that was
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Table 3 Average nucleotide and amino acid distances among wolverine major histocompatibility complex DRB exon 2 alleles in per-
centages per site, average rates of nonsynonymous substitutions per synonymous site (dy) and synonymous substitutions per synony-
mous site (ds) in percentages, and Z-tests of positive selection on all sites, the peptide binding region (PBR) only, and the non-PBR only

Poisson-
K2P corrected
nucleotide amino acid
Sites distance distance dn ds Z P
DRB1
All 5.3(1.7) 9.7 (3.8) 5.2 (2.2) 5.5(3.4) —0.087 1.000
PBR 9.3 (3.9 19.1 9.6) 10.7 (5.6) 55(5.7) 0.761 0.224
Non-PBR 3.2(1.6) 49 @3.7) 2.3 (1.5) 5.6 (4.3) —0.730 1.000
DRB2
All 6.9 (1.4) 12.1 (3.3) 7.6 (2.1) 53 2.1) 0.900 0.185
PBR 15.2 (3.6) 28.3 (8.6) 18.8 (6.3) 6.7 (4.0) 2.045 0.022
Non-PBR 2.8(1.1) 45(2.6) 2.1(1.2) 4.6 (2.5) —0.846 1.000

The K2P model and Poisson distribution were used to correct for multiple substitutions when calculating the nucleotide and amino acid
distances, respectively. Standard errors (in parentheses) were obtained through 1000 bootstrap replicates. Putative PBR sites are based

on Brown et al. (1993) and Stern et al. (1994).

detected in all individuals (Table 2; GenBank Accession
numbers JX409655-JX409665). Individuals possessing
four alleles were the most common (44/88; 50%), while
25/88 (28%) had three alleles and 19/88 (22%) had two
alleles. No alleles appeared to be shared among loci.
Two alleles were assigned to DRB1 and eight alleles were
assigned to DRB2. An exact test for linkage disequilib-
rium suggests DRB1 and DRB2 may be physically linked
(Exact P = 0.000 + 0.000).

Of the 185 nucleotides, 26 (14.1%) were variable, as
were 13/61 (21.3%) amino acid sites. Sequence diver-
gence among putative alleles ranged from 1 to 17 nucleo-
tides and 0 to 12 amino acids. Correcting for the
frameshift mutation, the pseudoallele (Gugu-DRB*03)
was substantially diverged from all putative alleles by a
minimum of 20 nucleotide substitutions. Putative alleles
were presumed functional based on (i) a lack of indels or
stop codons and (ii) extremely high amino acid sequence
identity (87-95%) to functional mammalian DRB alleles;
however, expression studies will be necessary to confirm
functionality. We calculated average pairwise K2P nucle-
otide distances and Poisson-corrected amino acid dis-
tances for all sites, as well as for the PBR and non-PBR
separately (Table 3). A Z-test for positive selection
showed a significant excess of nonsynonymous substitu-
tions in the PBR only for DRB2 (Z =2.05, P = 0.022;
Table 3). The test for positive selection was not signifi-
cant for the PBR in DRB1 (Z = 0.76, P = 0.224); however,
the number of nonsynonymous substitutions was nearly
double that of synonymous substitutions and the power
of the test was limited because there were only two
alleles. A phylogeny constructed using Bayesian infer-
ence did not reveal distinct lineages and failed to confi-
dently resolve the relationships between the putative
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alleles and the pseudoallele or alleles from other species
(Fig. 2).

Discussion

This study represents the first exploration of MHC varia-
tion in wolverines, which will permit future investiga-
tions into understanding the effects of local selective
pressures on adaptive variation in this species of conser-
vation concern. We determined that the wolverine DRB
exon 2 is duplicated, with two putatively linked poly-
morphic loci. Rates of nonsynonymous substitutions
were 1.9 and 2.8 times greater than synonymous substi-
tutions at the peptide binding region for DRB1 and
DRB2, respectively (Table 3), a difference similar to that
observed for raccoons when utilizing the same peptide
binding sites (in which dy was 2.6 times greater than dg
for the two loci combined; Castillo et al. 2010). The signif-
icant excess of nonsynonymous substitutions in the pep-
tide binding region only is indicative of positive
selection acting on the MHC in wolverines.

Multiple MHC class II loci are common [e.g. sea
otters, Bowen ef al. 2006; raccoons, Castillo et al. 2010;
grey seals (Halichoerus grypus), Cammen et al. 2011].
These loci are often functional and allow for the detec-
tion of a greater number of pathogens by increasing the
number of alleles an individual possesses (Hughes 1994).
Despite the duplication of the DRB gene in wolverines,
we found a relatively low number of DRB exon 2 alleles
compared with other terrestrial mammals. Ten DRB
alleles were found in 88 wolverines compared with 34
alleles in 50 red deer (Swarbrick et al. 1995) and 66 in 246
raccoons (Castillo et al. 2010). High levels of allelic diver-
sity in DRB exon 2 are thought to be maintained by a
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Fig. 2 Phylogenetic relationships among
ten wolverine DRB exon 2 alleles (in bold)
and one pseudoallele using Bayesian
inference and the best-fit model of nucleo-
tide substitution based on jModelTest
(Posada 2008). European mink (Mustela
lutreola; accession number EU263556.1;
Becker et al. 2009), sea otter (Enhydra lu-
tris; accession number EU121855.1; Agui-
lar et al. unpublished data), and raccoon
(Procyon lotor; accession number
GU388377.1; Castillo et al. 2010) DRB exon
2 sequences were included as outgroups.
Bootstrap values < 0.5 are not shown.
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form of balancing selection, such as overdominance
(Hughes & Nei 1989) or frequency-dependent selection
(Clarke & Kirby 1966). The low level of allelic variation
we found in wolverines is similar to species that are
thought to have experienced past population bottlenecks,
such as moose (Alces alces; Ellegren et al. 1996) and Com-
mander Arctic foxes (Vulpes lagopus; Ploshnitsa et al.
2011). While a bottleneck is not documented for Cana-
dian wolverines, it remains a possibility. Alternatively,
extremely low densities (approximately 1 wolverine per
200 km? in the range core; Quick 1953; Becker & Gardner
1992; Lee & Niptanatiak 1993) and a primarily northern
range occupied by fewer pathogens may play a role in
alleviating disease-related selective pressures. Further,
the moderate level of sequence variation we observed in
wolverine DRB alleles (Table 2) may permit recognition
of a broader array of pathogens according to the diver-
gent allele advantage hypothesis (Wakeland et al. 1990a;
Lenz 2011), thus potentially decreasing the intensity of
balancing selection on these loci. Lastly, the alleles we
detected are limited by the primers we employed, which
is an important limitation of any PCR-based approach to
characterization.

The failure of Bayesian inference to resolve phyloge-
netic relationships among DRB alleles of wolverines and
related carnivores is unsurprising given the high level of
polymorphism exhibited in this relatively short sequence
(Fig. 2). However, the phylogeny suggests that DRBI
and DRB2 may not represent distinct allelic lineages and
that wolverine alleles do not represent distinct lineages
from alleles of other mammals, an observation consistent
with trans-species polymorphism (the maintenance of
ancient lineages in natural populations; Wakeland et al.
1990Db).

Recent advances in sequencing technology allow for
large-scale genetic analyses of nonmodel species at a low
cost and high efficiency compared with traditional meth-
ods (Wegner 2009). However, further investigation is
needed to maximize the potential of next-generation
sequencing technologies. Here, we evaluated two sample
tagging protocols and two bioinformatic methods for 454
Titanium sequencing and compared the results with tra-
ditional cloning and Sanger sequencing for characteriz-
ing the wolverine MHC DRB exon 2 locus.

We obtained similar results from the stepwise proce-
dure (Galan et al. 2010) and SESAME (Meglécz et al.
2010) with respect to the alleles that were validated and
the depth of coverage per amplicon (5199 + 1586 and
5491 £ 1704, respectively). A greater proportion of reads
were eliminated following step 1 in this study (43%)
compared to Galan et al. (2010) (33%). However, due to
the extremely high number of reads per amplicon, we
eliminated all variants with a per-amplicon frequency of
one, whereas Galan et al. (2010) only eliminated single-
tons (i.e. variants that occurred only once in the entire
data set) at this step. Although meaningful comparisons
are difficult given slight variations in data processing
and reporting, the average coverage per amplicon in our
study (5199 + 1586) was at least an order of magnitude
higher compared with previous 454 sequencing of MHC
in nonmodel species [e.g. 93.6 + 44.4 (Babik et al. 2009),
541 + 166 (Zagalska-Neubauer et al. 2010), 301.4 + 89.2
(Promerova et al. 2012)]. Substantially varied coverage
among amplicons is not unusual despite careful stan-
dardization of sample concentrations prior to sequencing
(Brockman et al. 2008; Babik et al. 2009).

Although our deep coverage allowed us to surpass
any conceivable T; threshold for our species, one must
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be cognizant of the role of pseudogenes in determining
this value. Pseudogenes are common in class II multi-
gene families (Yuhki et al. 2003; Zagalska-Neubauer et al.
2010). The co-amplification of a pseudogene in our study
reduced the proportion of reads representing true alleles.
Therefore, the T; value for a maximum number of alleles
(m) of six (T; = 74; Galan et al. 2010) seems more appro-
priate for our system than the T; threshold of 46 for a
duplicated locus (where m = 4), essentially conserva-
tively treating the pseudogene like an additional locus.

A substantial challenge with high-throughput sequenc-
ing data lies in distinguishing true alleles from artefactual
variants. Babik et al. (2009) used an average per-individual
frequency of 3% to distinguish true alleles from artefacts
in bank voles, whereas Galan et al. (2010) used a 4% vari-
ant frequency threshold on a sample-by-sample basis to
identify true alleles. Analysing each sample separately
allows us to reliably validate rare variants, which are
important to population genetic studies, and distinguish
between the same variant occurring as an artefact in one
sample and as a true allele in another (Galan et al. 2010).
In our system, we found that variants with a frequency
of 4-8% in a sample could be confidently called as alleles
when they had nucleotide differences not associated
with homopolymer runs and were validated with a
Fij> 8% in other samples. For efficiency in large-scale
studies using this system, we recommend a T, threshold
of 6%. This cut-off would have conservatively resulted in
one true allele being discarded for the 78 samples pre-
pared using tagging Method B in this study. The pseudo-
allele (Gugu-DRB*03) was an exception, which passed
the stringent threshold criteria and was detected at high
frequencies (approximately 6-14%) in all samples. How-
ever, its characteristic indel and otherwise highly
diverged sequence makes it easily identifiable during the
manual inspection step. A lower threshold would be
more appropriate for samples prepared using Method A,
given the generally lower variant frequencies; however,
this would increase the chance of falsely identifying vari-
ants as true when they are not. The lower frequencies
obtained using Method A may be due to the extra PCR
step used to assemble the tags, which could have
increased the proportion of PCR artefacts that were
sequenced, thus decreasing the proportion of reads rep-
resenting true alleles. Given the generally higher fre-
quencies obtained for putative alleles using Method B,
which involved a single PCR step, we recommend this
method for 454 sequencing sample preparation.

It is also important to consider the impact of different
data processing procedures on the accuracy of the T,
threshold. For example, removing singletons in the step-
wise procedure inflates the frequency of remaining vari-
ants. Therefore, we argue that the threshold not only
varies according to the complexity of the multilocus
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system (Babik et al. 2009; Galan et al. 2010), but also the
sample preparation and bioinformatic methods. We recom-
mend evaluating the T, threshold for each new method-sys-
tem combination using the graphical procedure described by
Galan et al. (2010) combined with an assessment of those
variants suspected to be near the threshold according to
our criteria described previously.

Previous studies sequenced a high number of clones
in a single individual and confirmed all alleles obtained
from clones using 454 sequencing (Kloch et al. 2010;
Promerova et al. 2012). In our study, where we cloned
several individuals, all alleles determined using cloning
were obtained via 454 sequencing as well, albeit at vary-
ing per sample variant frequencies, but the reverse was
not true. The alleles that were successfully cloned but
failed to reach the T, threshold when pyrosequenced
may have been detected at a higher sample frequency if
the sample had been tagged using Method B instead of
Method A, as there were no occurrences of this nature
when Method B was used. The failure of cloning to
detect all alleles in our study is not surprising, given that
the average 16 clones/individual that we sequenced rep-
resents the minimum number of clones required to be
96% confident of detecting all alleles at a duplicated
locus, assuming no preferential amplification or cloning
of alleles (Castillo et al. 2010). More extensive cloning is
necessary in our system because 23% of clones repre-
sented a pseudogene that was co-amplified (Table 1).

Multiple loci resulting from recent duplications often
share allelic lineages (Ellis et al. 1999; van Oosterhout
et al. 2006), necessitating simultaneous amplification of
more than one locus (Babik et al. 2009). Without prior
knowledge, it is generally not possible to assign alleles to
loci or determine zygosity. This information is extremely
useful for population genetic estimates and a lack thereof
can hinder the ability of researchers to detect patterns of
genetic structure. For example, levels of genetic differen-
tiation may be underestimated if monomorphic loci are
unknowingly included in computations. Further, the
locus-specific genotype of an individual can be more
powerful than just a list of an individual’s alleles when
evaluating associations with disease susceptibility and
resistance. We used a novel method of assigning alleles
to multiplicated loci by taking advantage of the semi-
quantitative nature of 454 Titanium sequencing that has
been shown to be reliable when comparing read abun-
dances within the same species (Amend et al. 2010).
Using the ratios of variant frequencies in each sample,
we inferred the zygosity of each individual at each locus
and used individuals who were homozygous at a locus
to assign alleles to the two loci amplified in this study.
As a result, complete diploid genotypes were obtained
for each locus for use in future population genetic stud-
ies. This approach may not be appropriate for species
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with a much higher number of multiplications, because
it becomes increasingly difficult to assign alleles to loci
as the number of loci increases, or for those in which
alleles are shared among loci. Replicate genotyping of
wolverines included in this study and applying this
approach to other species will be necessary to confirm
our results and determine the universality of our
approach.

There is a movement towards maximizing the
number of samples that are sequenced on a single
454 run (Galan et al. 2010), which is limited by the
number of unique identifiers available with which to
label samples. This approach is more cost-effective by
reducing the amount of machine time required (the
primary expense of 454 sequencing; Wegner 2009),
although the cost of primer synthesis increases as
more unique sequence tags are needed. Another major
cost associated with maximizing the capacity of a single
454 run is a decrease in coverage per amplicon.
Reduced coverage decreases the likelihood of obtain-
ing the minimum number of sequences per amplicon
that are necessary for reliable genotyping (the T;
threshold; Galan et al. 2010). Due to the extremely
high coverage obtained in our study, no samples
were eliminated due to insufficient coverage. We
found no evidence to suggest that the frequency of
artefactual variants is increased at extremely high lev-
els of coverage. Therefore, our ability to distinguish
between true alleles and artefacts was not impeded,
as artefactual variants generally occurred at very low
per-amplicon variant frequencies and exhibited other
characteristics that were distinct from true alleles.
Further, high coverage per sample enabled the assign-
ment of alleles to loci through consistent per-
amplicon variant frequency ratios reflecting zygosity
of individuals due to semi-quantitative amplification.
The use of per-amplicon variant frequencies for this
purpose would likely be less reliable when sample
coverage is low, because the ratios would be more
strongly influenced by a sampling bias. However, the
>5000x coverage in this study is likely unnecessary to
maintain quantitative assessment of alleles for geno-
typing. Given this, and the fact that T; = 74 for our
system (Galan et al. 2010), a coverage of 100-500x
would likely be sufficient. Therefore, we have since
moved from approximately 14 to 96 MID-tagged sam-
ples for subsequent runs on our Roche 454 GS Junior
System for population genetic analysis of DRB exon 2
in wolverines. Further, we plan to sequence several
MHC loci simultaneously to better characterize local
adaptation in this species given the capacity of 454
sequencing relative to the coverage needed for semi-
quantitative assessment of sequences for genotype
assignment.
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