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Abstract Genes of the major histocompatibility complex
(MHC) code for receptors that are central to the adaptive
immune response of vertebrates. These genes are therefore
important genetic markers with which to study adaptive ge-
netic variation in the wild. Next-generation sequencing (NGS)
has increasingly been used in the last decade to genotype the
MHC. However, NGS methods are highly prone to sequenc-
ing errors, and although several methodologies have been
proposed to deal with this, until recently there have been no
standard guidelines for the validation of putativeMHC alleles.
In this study, we used the 454 NGS platform to screen MHC
class I exon 3 variation in a population of the island endemic
Berthelot’s pipit (Anthus berthelotii). We were able to charac-
terise MHC genotypes across 309 individuals with high levels
of repeatability. We were also able to determine alleles that
had low amplification efficiencies, whose identification with-
in individuals may thus be less reliable. At the population
level we found lower levels of MHC diversity in Berthelot’s
pipit than in its widespread continental sister species the tawny
pipit (Anthus campestris), and observed trans-species

polymorphism. Using the sequence data, we identified signa-
tures of gene conversion and evidence of maintenance of
functionally divergent alleles in Berthelot’s pipit. We also
detected positive selection at 10 codons. The present study
therefore shows that we have an efficient method for screening
individual MHC variation across large datasets in Berthelot’s
pipit, and provides data that can be used in future studies
investigating spatio-temporal patterns and scales of selection
on the MHC.
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Introduction

Genes of the major histocompatibility complex display the
highest levels of genetic variation found in vertebrates
(Bodmer et al. 1997; Torimiro et al. 2006; Mona et al.
2008), with some loci, like the human HLA-B, having more
than 2,000 alleles (Robinson et al. 2013). Variants at the MHC
are created by point mutation (Hughes and Nei 1988) and by
gene conversion-like processes (Ohta 1995; also known as
microrecombination; Geliebter and Nathenson 1988; hereaf-
ter, referred to as ‘gene conversion’; Edwards and Hedrick
1998; Spurgin et al. 2011). Pathogen-mediated selection—
linked to the MHC’s central role in initiating immune reac-
tions to pathogen antigens—is considered responsible for
maintaining the high levels of individual and population var-
iation observed at these loci, although sexual selection
(reviewed in Edwards and Hedrick 1998) and other mecha-
nisms may also play a role (van Oosterhout 2009).

To understand MHC variation, one must understand how it
works: this family of duplicated genes codes for molecules that
detect pathogens and initiate the adaptive immune response in
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vertebrates (Wakelin 1996; Wakelin and Apanius 1997). There
are twomain classes ofMHCgenes: class I codes for molecules
that generally present peptides originated from proteins located
in the cytoplasm, whereas class II codes for molecules that
generally present peptides derived from proteins located in
intracellular vesicles (Frank 2002). In class I MHC, exons 2
and 3 encode the peptide binding region (PBR, Bjorkman et al.
1987). The spatial configuration of folds and pockets in the
PBR allows each MHC molecule to bind a specific range of
peptides (Chelvanayagam 1996). Therefore, within- individ-
ual amino acid polymorphisms in the PBR of these MHC
genes determine the number of peptides that can be recog-
nized by a cell, and thus the number and type of pathogens
an individual can defend itself against (Potts and Wakeland
1990). However, not all the different variants within MHC
genes will generate molecules that bind different sets of
pathogen peptides. It has been suggested that MHC variants
may be defined into functionally distinct ‘supertypes’, group-
ing variants which encode for different sequences of amino
acids which, nevertheless, have similar chemical and physi-
cal properties and thus similar binding specificities (Sidney
et al. 1995). While the role of supertypes in pathogen
recognition is not yet clear, some ecological studies suggest
that statistical associations between pathogens and MHC
variation occur at the supertype level (e.g. Schwensow
et al. 2007; Sepil et al. 2013). Despite this last proviso, it
is clear that MHC diversity is important, in terms of the
ability to defend against pathogens both at the individual and
population level (Meyer-Lucht et al. 2010; May et al. 2011).

The characterization of functional MHC alleles and correct
assignment of individual genotypes are imperative for under-
standing patterns of adaptive variation in and among wild
populations, for studying host-pathogen co-evolution (Klein
et al. 1994; Sommer 2005), and potentially, for informing
conservation where maximising such variation may be key
to population persistence (Ujvari and Belov 2011; Wright
et al. 2014). However, the presence of multiple gene copies
and the sequence similarity among them (Kelley et al. 2005;
Cheng et al. 2012) makes it difficult to design locus-specific
primers, leading to co-amplification of alleles from multiple
loci. Traditionally, MHC genotyping has been done by clon-
ing and subsequent sequencing (e.g. Jarvi et al. 2004; Alcaide
et al. 2008)—a process that is time-consuming, especially
when applied to ecological-scale datasets. Other methods rely
on conformational shifts between different alleles of the MHC
which can be separated by gel electrophoresis (Mwenda et al.
1997; Baquero et al. 2006; Worley et al. 2008), but these
methods are still time-consuming, and, unless they include
the direct cloning/sequencing of identified variants, they can-
not provide direct sequence information (Promerová et al.
2012).

With the introduction of next-generation sequencing
(NGS) technologies, such as the Roche 454 pyrosequencing

platform (Margulies et al. 2005), it is now possible to obtain
sequences from individual DNA strands, allowing rapid and
efficient parallel sequencing of co-amplified alleles. Another
advantage of using NGS is the potential for obtaining se-
quences from a large number of identified individuals in a
single run by using ‘barcoded’ primers. This allows for the
subsequent assignment of sequences to individuals during the
sequence processing step. Since its introduction in 2005, 454
has been widely used to sequence the MHC in a variety of
organisms (e.g. Kloch et al. 2010; Sepil et al. 2012; Dunn et al.
2013). However, NGS techniques are not error free—for
example, 454 sequencing is prone to errors, such as insertions,
deletions and chimeras generated during the two required
amplification steps (Meyerhans et al. 1990; Bradley and
Hillis 1997) and during the pyrosequencing reaction and base
calling (Huse et al. 2007; Beuf et al. 2012). Consequently, for
accurate MHC genotyping, it is crucial to distinguish artefacts
from real alleles (Galan et al. 2010; Sommer et al. 2013).
Different methods have been proposed to detect sequencing
artefacts (Babik et al. 2009; Galan et al. 2010; Promerová et al.
2012; reviewed in Lighten et al. 2014a), and these methods
generally rely on thresholds of number of reads that a genuine
allele is expected to be represented by. However, a problem
that these approaches do not address is that alleles differ in
their amplification efficiency, meaning that some alleles will
be systematically missed from individuals where they are
present (Sommer et al. 2013). This ‘allelic dropout’ can inflate
homozygosities and deflate individual MHC diversity if it is
not accounted for (Sommer et al. 2013).

Berthelot’s pipit (Anthus berthelotii) is a sedentary passer-
ine endemic to 12 islands across the Canary, Madiera and
Salvagens archipelagos in the Macaronesian region (Cramp
and Perrins 1977, Fig. 1). Previous work has shown that the
population bottlenecks that occurred during the colonization
of each archipelago (Illera et al. 2007; Spurgin et al. 2014)
substantially reduced MHC variation in this species (Spurgin
et al. 2011). However, MHC variation has, at least partially,
been regenerated largely by gene conversion (Spurgin et al.
2011). Interestingly, the pipit populations are exposed to con-
sistent but spatially varying pathogen pressures both within
(Gonzalez-Quevedo et al. 2014) and among populations
(Spurgin et al. 2012). Thus these populations provide an
excellent system in which to test different evolutionary hy-
pothesis on the role of pathogen-mediated selection in shaping
the patterns of MHC variation at various spatio-temporal
scales. Population-level variation at the MHC of Berthelot’s
pipit has been assessed (Spurgin et al. 2011), but individual
level screening within populations is needed if we are to
investigate the factors that drive MHC variation at different
scales. With that as our overall aim, here we test the utility of
the methods outlined by Sommer et al. (2013) to individually
sequence MHC class I exon 3 variation in 310 Berthelot’s
pipits from Tenerife and from 10 tawny pipits (Anthus
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campestris), a geographically widespread species that is the
closest relative of Berthelot’s pipit (Voelker 1999). Using the
data generated, we then compare the levels of MHC variation
found in the two species, and test for signatures of selection.

Materials and methods

Study species and sampling

We sampled Berthelot’s pipits on Tenerife, in the Canary
Islands, from January to April 2011. To obtain a representative
sample across the pipit range on Tenerife, a 1km2 grid was laid
over a map of the island obtained from Google Earth in
ArcGIS version 10 (Esri 2011, Redlands, CA, www.esri.com).
Most accessible square kilometres that contained habitat
suitable for pipits were visited and, where present, an
attempt was made to catch at least one pipit per km2 using
clap nets baited with Tenebrio molitor larvae. Each captured
bird was fitted with a unique metal ring from the Spanish
Environment Ministry and a ca. 25μl blood sample was taken
by brachial venipuncture and stored in absolute ethanol in a 2ml
screw cap micro-centrifuge tube at room temperature. The
final sample of 388 birds included 30 birds caught on the

mountain of El Teide on Tenerife (2,500 m above sea level), a
separate population which is isolated from the lowlands by
dense pine and laurel forest which the pipit does not inhabit
(Illera 2007). Ten tawny pipits (two from Morocco, three from
Mauritania and five from the Iberian Peninsula) were also
screened.

MHC genotyping

DNA was extracted from blood using a salt method
(Richardson et al. 2001). In line with previous studies on
passerines (e.g. Westerdahl et al. 2005; Bonneaud et al.
2006; Alcaide et al. 2013) and on Berthelot’s pipit (Spurgin
et al. 2011), and because of the resources available to us, we
sequenced only exon 3 ofMHC class I. Pooling large numbers
of individuals in a single 454 run can result in highly uneven
representation of individuals (S. Paterson, personal commu-
nication), thus samples were pooled in eight pools of 80
samples each. In total, 310 Berthelot’s pipits (including 26
individuals from El Teide) out of the 388 originally sampled,
and 10 tawny pipits were genotyped at theMHC.We screened
each of the 320 samples twice, and each replicate of a given
sample was amplified using different combinations of
barcoded primers (thus screening a total of 640 amplicons).
For the library preparation, we used forward and reverse

Fig. 1 Distribution of Berthelot’s
pipits (Anthus berthelotii) in the
Macaronesian archipelagos of
Madeira, Selvagens and the
Canary Islands (inset), and detail
of the nine populations from the
Canary Islands
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fusion primers consisting of the 454 adaptor (forward adaptor,
5 -CGTATCGCCTCCCTCGCGCCA-3 and reverse adaptor,
5 -CTATGCGCCTTGCCAGCCCGC-3 ), followed by a key
sequence (TCAG), a 10-bp multiplex identifier (MID), and
the MHC class I exon 3 specific primers (DG2, 5 -TTGCGC
TCYAGCTCYTTCTGCT-3 and GENDG, 5 -TCCCCACA
GGTCTCCACAC-3 ; Spurgin et al. (2011), Fig. S1). MID
sequences were obtained from the 10-base extended MID set
from Roche Diagnostics (454 Life Sciences Corp. 2009). We
chose nine MIDs with at least three base pair differences
between them (MID numbers 1, 2, 3, 4, 5, 7, 8, 10 and 11).
By using these MIDs in the forward and reverse primers, we
had 81 possible combinations with which to barcode individ-
uals within the pools of 80 samples. We pooled samples so
that the two replicates of a sample were present in different
pools and had a different forward and reverse fusion primer
combination. Two strategies were implemented in order to
reduce the formation of chimeras during the PCR (Lenz and
Becker 2008; Holcomb et al. 2014). First, each of the 640
amplicons screened was generated by two independent PCRs
that were then pooled in equimolar amounts; second, the
number of cycles was reduced to the minimum number that
provided a clear, well-defined amplicon when visualised in an
agarose gel (27 cycles). PCRs were performed in 25 μl vol-
umes containing 0.5 μM of each fusion primer, 12.5 μl of 2×
Roche FastStart master mix and ca. 60 ng of DNA.
Thermocycling consisted of an initial denaturation at 96 °C
for 4 mins, followed by 27 cycles of 94 °C for 30 s, 61 °C for
30 s and 72 °C for 60 s, with a final extension of 72 °C for
10 mins. PCR products were run on 1.5 % agarose gels, and
amplicons were cut from the gels using a sterile scalpel and
purified using a gel purification kit (Qiagen). Purified prod-
ucts were quantified using the PicoGreen dsDNA assay kit
(Life technologies) and pooled in order to get 1.25 ng per
sample for each pool of 80 samples. Emulsion PCR and 454
sequencing were conducted at the Centre for Genomic
Research at the University of Liverpool. Sequencing was
run on a PicoTitre plate (each pool in one eighth of the plate)
on a GS FLX Titanium system.

Bioinformatics

High-quality sequences (Phred quality score>20 at more than
95 % bases) with complete forward and reverse MID and
primer sequences were assigned to amplicons based on MID
combinations. We then followed the workflow outlined by
Sommer et al. (2013) to assign reads to putative MHC alleles
and to identify artefacts based on the assumptions that: (1)
artefacts are less frequent than their source allele, and (2)
artefacts should have a lower intra-amplicon frequency than
any true allele. The workflow consists of three main steps that
classify variants into ‘putative alleles’, ‘putative artefacts’, and
‘unclassified variants’. In the first step, applied to each

amplicon independently, reads were assigned to groups of
identical sequences, hereafter referred to as ‘clusters’. The
most frequent cluster within each amplicon was classified as
a putative allele. Sequences represented by only one read were
discarded as sequencing artefacts. Clusters were then classi-
fied as ‘chimera’, ‘1–2 bp difference’ or ‘>2 bp difference’ by
comparing their sequences to more frequent clusters within
the amplicon (full details in Sommer et al. 2013). Chimeras
were identified using a Python script that checked within each
amplicon whether a given sequence could, at any point along
its length, be formed by joining together the forward section of
a more frequent sequence with the reverse section of another
more frequent sequence (further details in Appendix 1, sup-
plementary information).

The second step of the pipeline compares both replicates of
a given individual. Clusters listed as ‘chimera’ or ‘1–2 bp
difference’ in step one were classified as putative artefacts if
they were absent from the replicate amplicon. Clusters were
also classified as putative artefacts if they had been identified
as chimeras in both replicates. Clusters classified as ‘>2 bp
difference’ were only classified as putative artefacts if, across
the whole data set, they were unique to a single amplicon. All
other clusters were retained for further checking in step three.

In step three, clusters retained on the ‘1–2 bp difference’
list from step two (i.e. those that were observed in both
replicate amplicons) were classified as putative alleles if they
had a higher intra-amplicon frequency than any entry in the
putative artefact list, and as unclassified variants if this crite-
rion was not met. The same process was used on clusters in the
‘>2 bp difference’ list when the sequence was also present in
the sample’s replicate. Other clusters in the ‘>2 bp difference’
list were labelled as unclassified variants if present as a puta-
tive allele in another individual, but as putative artefacts if not.
Chimeras retained from step two were classified as putative
alleles if the same sequence was present as a putative allele in
another individual; otherwise, retained chimeras were labelled
as unclassified variants.

After completing the pipeline, we further checked the lists
of putative alleles, putative artefacts and unclassified variants
for Berthelot’s and tawny pipits separately. For Berthelot’s
pipits, we discarded sequences classified as putative alleles
that occurred in only one individual, but pulled out sequences
from the unclassified variants list that matched sequences in
the list of putative alleles. We assessed the frequency of each
unclassified variant in the amplified samples (the number of
individuals they occurred in out of the total of 310), and
further inspected for the presence of any MHC alleles that
had been described in the previous, population-level charac-
terisation of MHC variation in Berthelot’s pipits (Spurgin
et al. 2011). We also inspected the sequences in the putative
artefacts list by pulling out sequences that matched a putative
allele already identified in another individual, and that were
also present in both amplicons of a bird with an intra-amplicon
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frequency higher than the least frequent entry to the list of
putative alleles.

For tawny pipits, we proceeded differently due to the small
sample size. If a variant was classified as a putative allele in
both replicates of only one sample, it was kept on the putative
alleles list. If the variant was classified as an allele in only one
amplicon, but was found in other amplicons as an unclassified
variant, it was also treated as a putative allele. Finally, for
unclassified variants, we pulled out and classified as alleles
sequences that were present in both replicates of at least two
birds. For both species, repeatability of genotyping was cal-
culated as the percentage of shared alleles between the two
replicate amplicons of each individual.

Allele amplification efficiency

We followed Sommer et al.’s (2013) rationale, which assumes
that the amplification efficiency of an allele is independent of
the genotype and similar among PCR products with the same
conditions, to estimate the relative amplification efficiency of
each allele. We used scripts provided in Sommer et al. (2013)
to perform this calculation in R (R Development Core Team
2011). We standardised allele amplification efficiencies rela-
tive to ANBE11 and ANCA17 for Berthelot’s and tawny
pipits, respectively. The choice of standardising alleles is
arbitrary, as our use of degenerate primers means we cannot
know which allele is the ‘best’ amplifier in our data set. We
also calculated a variant of Galan’s T1 (Galan et al. 2010),
which uses the lowest amplification efficiency to estimate the
minimum number of reads per amplicon necessary to reach a
coverage of 99.9 % for a genotype with a given number of
alleles (in our case, 12—the maximum number of alleles
observed in an individual) and with a minimum number of
two reads per allele. This calculation was done using the R
function ‘T1.min.efficiency.replicated’ provided in Sommer
et al. (2013). Any sample that had a number of reads lower
than the T1 threshold was discarded and not used in down-
stream analyses.

MHC sequence analyses

Using the software DnaSP 5.10.01 (Librado and Rozas 2009),
we calculated the number of nucleotide differences and nu-
cleotide diversity among sequences for the set of alleles iden-
tified in each species. In order to investigate the mutation to
recombination ratio among MHC alleles, we calculated the
recombination (Rm) and mutation ( ) parameters (Hudson and
Kaplan 1985) and obtained the 95% confidence interval using
a coalescent approach with 10,000 replications. To compare
allele diversity between the two species we calculated
pairwise nucleotide distance using the Nei-Gojobori/Jukes-
Cantor method (Nei and Gojobori 1986) in MEGA 6

(Tamura et al. 2011), and assessed differences using a
Mann–Whitney U test.

To explore phylogenetic relationships among Berthelot’s
and tawny pipit MHC class I alleles we built a neighbour net
with Jukes-Cantor distance between all pairs of alleles using
the software SplitsTree 4.13.1 (Huson and Bryant 2006). We
explored the presence of gene conversion tracts in the MHC
class I alleles identified using the following methods: 3Seq
(Boni et al. 2007), GENECONV (Padidam et al. 1999),
MaxChi (Smith 1992), Chimaera (Posada and Crandall
2001) and SiScan (Gibbs et al. 2000), all implemented in the
software RDP4 (Martin et al. 2010). The highest acceptable P
value was set to 0.05, and 100 permutations were performed
for all methods. Tracts identified by at least two methods were
considered true recombination events.

The number of putative functionally different MHC class I
alleles was estimated based on the amino acid sequences. The
codons involved in the peptide binding region (PBR) of the
MHC class I of Berthelot’s pipits have been identified previ-
ously (Spurgin et al. 2011) based on the sites known to code
for the PBR in humans (Brown et al. 1993). Using the
Berthelot’s pipit sequences, the rate of non-synonymous (dN)
and synonymous (dS) substitutions per site was calculated in
MEGA 6 (Tamura et al. 2011) using the Nei-Gojobori/Jukes-
Cantor method (Nei and Gojobori 1986) for, (1) the full exon
sequence, (2) the non-peptide binding region (non-PBR), and
(3) the peptide binding region (PBR). Differences between dN
and dS were assessed with Mann–WhitneyU tests. We did not
perform these analyses on tawny pipits because the small
sample size for this species means that we have likely
underestimated the number of alleles.

In order to identify codon-specific signatures of positive
selection at the MHC class I across the two pipit species, four
codon-based methods to detect selection based on the dN and
dS were implemented in the webserver Datamonkey (http://
datamonkey.org, Pond and Frost 2005a). The fixed effects
likelihood (FEL), random effects likelihood (REL, Pond and
Frost 2005b), and fast unbiased Bayesian approximation
(FUBAR, Murrell et al. 2013) were used to detect codons
under pervasive selection. In addition, the mixed effects mod-
el of evolution (MEME, Murrell et al. 2012) was used to
detect codons under episodic diversifying selection. Sites with
Bayes factor>50 for REL, posterior probabilities>0.9 for
FUBAR and P values<0.1 for FEL and MEME were consid-
ered to have enough support for positive selection. Only sites
that were detected to be under positive selection by at least
two different methods were considered to be candidates of
evolution under positive selection. Prior to running analyses,
the best fitting nucleotide substitution model was determined
using a model selection approach also implemented in
Datamonkey (http://datamonkey.org, Pond and Frost 2005a).
All sequences identified from both Berthelot’s and tawny
pipits were used in this analysis.
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We explored whether MHC alleles found in Berthelot’s
pipits could be clustered into ‘supertypes’ (Doytchinova and
Flower 2005) according to the antigen-binding characteristics
of either the amino acids in the PBR (15 amino acids), or the
amino acids that were detected as positively selected sites
(PSS) by our analysis. Five descriptors were obtained for each
amino acid (Sandberg et al. 1998): z1 (hydrophobicity), z2
(steric bulk), z3 (polarity), z4 and z5 (electronic effects).
Amino acid descriptors were arranged in a matrix where each
row represented one unique PBR or PSS sequence and the
columns represented the five descriptors for each amino acid
in the region being analyzed. We performed a k-means clus-
tering algorithm to identify the most likely number of clusters
of alleles based on the amino acid descriptors using the
function ‘find.clusters’ in the ‘adegenet’ package (Jombart
2008; Jombart et al. 2010) in R. The algorithm was run four
times for different numbers of clusters from one to the total
number of unique sequences, and for each run a mean
Bayesian information criterion (BIC) was obtained. The most
likely number of clusters in the data is the one with the lowest
BIC. After identifying the optimal number of clusters, a dis-
criminant analysis of principal components (DAPC) is used to
identify the alleles in each cluster (Jombart et al. 2010).

Results

MHC allele identification

We obtained a total of 1,019,897 high-quality sequences rang-
ing from 53 to 4,308 reads per amplicon (mean±S.D.=1436±
652). Of these, 919,046 reads had complete forward and
reverse MIDs and correct primer sequences, leaving 45–
4,049 reads per amplicon (1427±647) and 744–6,263 reads
per individual (2855±954).

At the end of the bioinformatics processing, 41 clusters
were classified as putative alleles, of which 31 were assigned
to Berthelot’s pipits and 10 to tawny pipits. The list of unclas-
sified variants contained the greatest number of entries,
followed by putative artefacts and putative alleles
(Table S1). We discarded 11 of the 31 putative alleles detected
in Berthelot’s pipits because they were classified as alleles in
only one individual. Since these variants were not confirmed
across individuals, we believe these must be either artefacts or
very low frequency alleles. We determined that the more
conservative approach would be to discard them, as even if
they were true alleles, at such low frequencies (ca. 0.3 %) they
would have little consequence in downstream analyses. We
identified 588 clusters as unclassified variants, of which
134 were present in more than two samples. Among these
clusters we found two—ANBE3 and ANBE31—that oc-
curred in both amplicons of more than 80 % of birds and were

considerably more frequent in the 310 Berthelot’s pipit sam-
ples than all the other unclassified variants (Fig. S2), but had a
very small number of reads in most amplicons (mean±S.E.:
ANBE3=24.5±0.8; ANBE31=18.0±0.6). These two vari-
ants also matched sequences identified by Spurgin et al.’s
(2011) previous population-level study on MHC in
Berthelot’s pipit. We treated ANBE3 and ANBE31 as ‘low
efficiency alleles’ (see amplification efficiency results below),
but because we could not be certain of their absence/presence
in all individuals we recommend they are excluded from
future individual based MHC-disease association studies in
Berthelot’s pipit. However, we retained these alleles when
assessing sequence-level selection, as their amplification effi-
ciency should not bias such analyses.

After processing the unclassified variants, we were left
with 22 alleles identified for the Tenerife population of
Berthelot’s pipits. Of these, seven (named ANBE43-
ANBE49) had not been previously identified in this species,
and have been deposited in GenBank (accession numbers
KM593305–KM593311). We also detected seven alleles
(ANBE1, ANBE6, ANBE7, ANBE9, ANBE13, ANBE31
and ANBE38) that Spurgin et al. (2011) found in other pop-
ulations of Berthelot’s pipits but not in Tenerife. Among these,
ANBE31 had previously been found only on Lanzarote (an-
other Canary Island), and ANBE38 had only been found on
Selvagem Grande (one of the islands of the Selvagens archi-
pelago). We failed to find five alleles that had been previously
reported from an earlier, smaller sample of birds (30 individ-
uals sampled in 2006) from each of the Tenerife and Teide
populations (Spurgin et al. 2011): ANBE12 had been detected
previously on El Teide, and Fuerteventura (one of the Canary
Islands); ANBE24 had been detected previously in the low
lands of Tenerife and in other islands of the Canary archipel-
ago; ANBE19 and ANBE39 had been previously detected in
the low lands of Tenerife and on El Teide, and ANBE41 was
restricted to the population of El Teide.

Intra-amplicon frequencies (proportion of reads within an
amplicon) of the 22 alleles identified in Berthelot’s pipits
varied from a low of 0.013 for ANBE31 (S.E.=0.0003) to a
high of 0.192 for ANBE10 (S.E.=0.003, Fig. S3a).
Population allele frequencies ranged from 0.01 for ANBE28
to 0.99 for ANBE7 (Fig. 2). The number of alleles per indi-
vidual ranged from 4 to 12, with a mode and median of eight
alleles (Fig. S4), suggesting the potential presence of six loci
in this species.

After processing unclassified variants for the tawny pipit
we were left with 28 clusters, of which 11 were classified as
putative alleles and 17 as unclassified variants. One allele,
ANBE9, was shared between Berthelot’s and tawny pipits.
The other 27 alleles, unique to the tawny pipit, were named
ANCA1 to ANCA27 and their sequences have been deposited
in GenBank (accession numbers KM593312–KM593338).
Intra-amplicon frequencies for these 28 alleles ranged from a
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low of 0.015 (S.E.=0.003) for ANCA20 to a high of 0.142
(S.E.=0.039) for ANCA1 (Fig. S3b). The number of alleles
per individual in tawny pipits ranged from 6 to 11 (mean=7.4,
median=7, Fig. S4), which also suggests the presence of six
loci.

The repeatability (i.e. the mean percentage of alleles shared
between the two replicates of the same sample) of our
genotyping was 96.1%. (S.E.=5.45). The lowest repeatability
(44.4 %) was obtained for a sample with an amplicon with
only 45 reads. Fourteen samples had repeatabilities lower than
80 % and 240 samples had a repeatability of 100 %.

Allele amplification efficiencies

In Berthelot’s pipits, the lowest amplification efficiency was
obtained for allele ANBE31 (0.2, i.e. five times lower than the
reference ANBE11). The highest amplification efficiency ob-
tained was for ANBE10 (3.0) (Fig. S5). The modified Galan’s
T1 threshold showed that 139 reads (range 132–144) were
needed to reach coverage of 99.9 % of a genotype with twelve
alleles (the highest possible given the number of loci estimat-
ed). Given this value, we excluded the one sample (identified
above) that had only 45 reads in one of its replicates from all
downstream analyses. In tawny pipits, the lowest amplifica-
tion efficiency obtained was for ANCA20 (0.33) and the
highest amplification efficiency for ANCA1 (3.9) (Fig. S5).
The modified Galan’s T1 threshold for the lowest amplifica-
tion efficiency in tawny pipit alleles was 291. All tawny pipit
amplicons had more than 291 reads.

MHC sequence analyses

Descriptors of sequence variation within MHC class I exon 3
in Berthelot’s and tawny pipits are summarised in Table 1.

Seven alleles (ANBE3, ANBE31, ANCA11, ANCA12,
ANCA13, ANCA17 and ANCA25) had an insertion of three
nucleotides, resulting in a protein with one amino acid inser-
tion but no disruption of the reading frame. Pairwise nucleo-
tide distance ofMHC alleles was significantly higher in tawny
pipit than in Berthelot’s pipit (P<0.001, Table 1).

The neighbour net of Berthelot’s and tawny pipits MHC
class I exon 3 alleles revealed a total of 17 lineages (Fig. 3).
The lineage partitions were chosen based on the previous
phylogeny described for Berthelot’s pipit MHC class I alleles
(Spurgin et al. 2011). Berthelot’s pipit alleles were included in
eleven lineages, while tawny pipit alleles were grouped in 13
lineages, of which seven were shared with Berthelot’s pipit
and six were unique to tawny pipits (Fig. 2). The presence of
boxes in the net means that there can be several paths between
any two alleles, typical of sequence datasets with gene con-
version and recombination events (Bryant and Moulton
2004). Four gene conversion events in MHC class I alleles
of Berthelot’s and tawny pipits were identified by at least two
methods (Table 2).

The 22 Berthelot’s pipit MHC class I alleles translated as
20 different amino acid sequences, containing 42 variable
amino acid sites and 63 amino acid changes (14 positions
had more than two amino acids, Fig. S6). Considering only
the 15 PBR sites, 15 unique PBR sequences were detected,
encoded by 12 variable amino acids (80 %, Fig. S7a), while
the 65 non-PBR sites harboured 30 variable amino acids
(46 %). The 28 MHC class I alleles found in tawny pipits
translated as 24 unique amino acid sequences containing 47
variable amino acid sites, with 86 amino acid changes (18
positions had more than 2 amino acids, Fig. S6). Considering
only the PBR sites, there were 20 unique PBR sequences, with
12 variable amino acids (80 %), while the 65 non-PBR sites
had 36 variable amino acids (55 %, Fig. S7b).

Over the full exon 3 sequence of Berthelot’s pipit MHC
class I, the rate of synonymous substitutions (dS) was signif-
icantly higher than the rate of non-synonymous substitutions
(dN) (P<0.001, Fig. 4), and the ratio of dN/dS for the full exon
was 0.75. In both the PBR and non-PBR regions, dN was not
significantly different from dS (P=0.45 and 0.52, respective-
ly). Considering only the PBR dN/dS=1.07 and for the non-
PBR dN/dS=0.97. However, both dS and dN were significantly
higher at the PBR compared to the non-PBR (P<0.001,
Fig. 4). When performing selection tests with sequences iden-
tified in both pipit species, ten codons were identified as
having evidence of positive selection. Four of these (5, 19,
61 and 62) occur in the PBR (Fig. S6).

The number of supertypes of Berthelot’s pipit MHC class I
alleles that could be identified with the k-means clustering
algorithm was 20, and therefore equal to the number of unique
amino acid sequences identified. This was also the case if only
alleles that differed at sites within the PBR (15 PBR unique
sequences) and the PSS (11 PSS unique sequences) were
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included, suggesting that each allele has different antigen
binding properties. For this reason, we did not perform the
discriminant analysis of principal components (DAPC) to
identify the alleles in each cluster (Jombart et al. 2010).

Discussion

We used 454 pyrosequencing to screen MHC class I exon 3
variation in individual Berthelot’s pipits from across the pop-
ulation of Tenerife and, for comparison, in its sister species the
tawny pipit. The variant/artefact identification procedure in-
cluding replication of all samples allowed the successful
genotyping of 309/310 Berthelot’s pipits, with high genotype

repeatability (96 %). Validation procedures identified two
alleles with low amplification efficiencies. The resulting se-
quence data were used to characterise MHC variation across
the two closely related pipit species. We found significantly
higher MHC sequence variation in the outbred tawny pipit
than in the previously bottlenecked Berthelot’s pipit and found
evidence for the maintenance of divergentMHC supertypes in
Berthelot’s pipit. We also found evidence for gene conversion,
an increased recombination to mutation ratio, and positive
selection at specific codons within the exon 3 sequence.

454 pyrosequencing is a valuable tool for parallel sequenc-
ing of multilocus genes, such as those of the MHC, in a large
number of samples. However, this method is prone to errors
generated from two PCR amplifications and the pyrosequenc-
ing reaction (Meyerhans et al. 1990; Huse et al. 2007). In our
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study, artefacts and unclassified variants clearly outnumbered
putative alleles. This concurs with other studies that used 454
for genotyping the MHC, which also assigned more reads to
artefacts than to putative alleles (Zagalska-Neubauer et al.
2010; Sepil et al. 2012; Sommer et al. 2013).

For accurate reconstruction of individual MHC genotypes
and testing of evolutionary hypotheses, it is essential to be
able to reliably detect the majority of alleles that exist in a
population, even if some of them do not amplify well in the
study species. That MHC alleles differ in amplification effi-
ciency has been known for some time (Babik 2010; Kiemnec-
Tyburczy et al. 2010; Zagalska-Neubauer et al. 2010), but
only recently has a methodology been proposed to calculate
amplification efficiencies for each allele (Sommer et al. 2013).
Of the 22 MHC alleles we identified in Berthelot’s pipit, two
had low amplification efficiencies that put them at high risk of
allelic dropout. These two alleles never amplified well enough
to make the initial list of putative alleles, and were only
identified by post-processing examination of the list of un-
classified variants. Sommer et al. (2013) report 3/64 of the
alleles they identified as having low amplification efficiency.
This, together with our results, supports their hypothesis that

low amplification is common but that it only affects a few
alleles. However, it is important to note that some alleles
might not amplify at all for a given set of primers, and that
some instances of allelic dropout will thus not be accounted
for. It is crucial that studies on the MHC acknowledge the
variable amplification efficiency of alleles (regardless of the
sequencing method used), and that they use the minimum
amplification efficiency to obtain a minimum number of reads
required per amplicon for reliable genotyping. When
assessing MHC-disease associations, we advocate excluding
samples that do not pass the minimum-read criterion, as well
as excluding alleles with low amplification efficiency. Failure
to do so incurs a high risk of incomplete data, i.e. missing the
presence of these specific alleles within individuals, leading to
inaccurate conclusions. We suggest that the calculation of
amplification efficiencies be implemented and reported in all
future MHC studies.

Our results differ to some degree from the earlier study that
sequenced the MHC in the populations of Berthelot’s pipit
(Spurgin et al. 2011).We found seven alleles that had not been
described for Tenerife, but had been found in other islands.
The smaller sample size of the earlier study (only 30

Table 2 Tracts of gene
conversion identified by at least
two recombination-detection
methods in MHC class I alleles of
Berthelot’s pipits (Anthus
berthelotii, ANBE) and tawny
pipits (A. campestris, ANCA).
Position corresponds to nucleo-
tides that limit the maximal gene
conversion tract

Recombinant allele Major parent Minor parent Positions of
breakpoints

Methods (P value)

ANBE4 ANCA18 ANCA5 35–179 MaxChi (0.014)

3Seq (0.039)

ANCA16 ANCA13 ANBE6 48–216 SiScan (0.037)

3Seq (0.001)

ANCA17 ANCA15 ANBE44 170–238 Chimaera (0.005)

3Seq (0.003)

ANCA12 ANCA18 ANCA5 12–197 MaxChi (0.014)

3Seq (0.039)
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Table 1 Summary of nucleotide variation of MHC class I, exon 3
sequences identified in this study of Berthelot’s pipits, Anthus
berthelotii, and tawny pipits, A. campestris

Descriptor Berthelot’s pipit Tawny pipit

Number of alleles 20 28

Number of variable sites 84 103

Number of mutations 105 136

π±SEa 0.11±0.01 0.14±0.01

k±SEb 27.09±0.86 32.84±0.81

Rm (95 % CI)c 32.5 (25.0–40.0) 66.7 (52.0–83.1)

q (95 % CI)d 23.0 (19.2–27) 32.9 (27.2–38.5)

a Nuclotide diversity±standard deviation
bAverage number of nucleotide differences±standard deviation
c Recombination rate (lower and upper 95 % confidence limits)
dMutation rate (lower and upper 95 % confidence limits)
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individuals from each of the populations in El Teide and
Tenerife lowlands) might have been the reason why four of
these were not detected (ANBE6, ANBE9, ANBE13 and
ANBE38) because in the present study these were found at
frequencies lower than 0.1. However, the other three alleles
(ANBE1, ANBE7 and ANBE31) were found at frequencies of
0.4, 0.9 and 0.8, respectively in the present study, suggesting
they are common in Tenerife. We also detected seven alleles
that had not been described in any of the populations from the
earlier study (ANBE43-ANBE49), and thus may be unique to
the population of Tenerife. The frequencies of five of these
alleles was lower than 0.1, thus not finding them previously
was probably due to the small sample size of that earlier study.
However, the other two alleles, ANBE43 and ANBE47, were
found at frequencies of 0.4 and 0.3, respectively, and it is
unclear why these were not detected in the earlier study. We
also failed to find five alleles that had been previously reported
in Tenerife (Spurgin et al. 2011): ANBE12 and ANBE39 from
El Teide, ANBE41 and ANBE24 from the lowlands and
ANBE19 from both El Teide and lowlands. In that earlier
study, these alleles were not identified as putative ancestral
alleles, but rather as recombinant alleles that were derived
through gene conversion. These five recombinant alleles did
not co-occur with their ancestral alleles on Tenerife, thus
rejecting the possibility that they could have been PCR arte-
facts derived from the putative ancestral alleles (Spurgin et al.
2011). That we failed to detect alleles ANBE19, ANBE24 and
ANBE41 could be due to the possibility that they are rare in
lowland Tenerife. However, this is unlikely given that they
were earlier detected in a much smaller sample (30 individ-
uals), and given our sampling scheme that facilitated capture
of variation throughout the population. However, in this study
we could have reasonably missed ANBE12 and ANBE39 in
the 26 birds we sampled from El Teide if they are rare in this
population. Since the earlier study did not assess individual-
level variation, it is not possible to know the frequency of
these alleles in the earlier sample.

We cannot discard the possibility that the differences be-
tween the two studies lie in their methodological differences.
The earlier study assessed MHC class I variation at the pop-
ulation level using population-specific tags, rather than
individual-specific tags. Another difference is that here we
sequenced only from the forward end of the amplicon, while
the earlier study sequenced amplicons from both ends with
subsequent assembly of sequences by read overlap. This is
because, at the time of the earlier study, the average 454 read
length was shorter than the total length of the amplicon.
However, both studies used the same template-specific primer
sequences and the same PCR conditions. The earlier study
also used a different bioinformatics strategy for validating
alleles. It is difficult to determine in which of the two studies
errors were generated, given that both used different method-
ologies. It is also possible that the differences may be real and

due to differences in the subset of individuals sampled in each
case. For example, allele frequencies might have changed from
2006, when the samples of the earlier study (Spurgin et al.
2011) were collected, to 2011. Given that Berthelot’s pipit
generation time is ca. 3 years (Garcia-Del-Rey and Cresswell
2007), approximately two generations have passed between the
two samplings. In support of this hypothesis, rapid changes in
MHC allele frequencies (between successive cohorts) have
been reported in another passerine (Westerdahl et al. 2004).
This pattern might result from fluctuating pathogen-mediated
selection on these alleles. However, we cannot assess this with
our data and further investigation involving sampling across
different years is needed in order to confirm this.

It might be necessary to employ our individual-level MHC
genotyping to screen the same samples that were used in the
earlier study in order to clarify the source of the differences
between the two studies. It is also important to note that other
NGS technologies might provide better alternatives for accu-
rately sequencing theMHC. For example, Illumina has proven
to be highly repeatable and accurate for genotyping duplicated
loci (Lighten et al. 2014b) and might therefore be the platform
of choice in future studies that require sequencing of the
MHC. However, there may equally be problems with other
NGS methods, and only future comparative studies between
methods will resolve such issues.

Maintaining and restoring MHC diversity is especially im-
portant in isolated, bottlenecked populations where low genetic
diversity might have implications for disease resistance and
population survival (Bollmer et al. 2011; Yasukochi et al.
2012; Niskanen et al. 2014). Isolated species with populations
that have undergone bottlenecks generally show lower MHC
genetic diversity than outbred species (reviewed in Radwan et al.
2010). In the present study 22 alleles were detected in the 309
individuals sampled in the Berthelot’s pipits population on
Tenerife, compared to the 28 alleles detected in just 10 tawny
pipits. This suggests that the Berthelot’s pipit population on
Tenerife has much lower levels of genetic variation at these
MHC loci than its continental sister species. This is confirmed
by the fact that levels of nucleotide variation were lower in
Berthelot’s pipit alleles than in tawny pipit alleles (nucleotide
diversity=0.11±0.01 and 0.14±0.01, respectively). However, if
we consider the whole range of Berthelot’s pipits, a total of 49
MHC class I alleles have been identified across the 13 popula-
tions, indicating that MHC variation can be regenerated in a
bottlenecked population, in this case by gene conversion (see
below). The same pattern of higher genetic diversity in tawny
pipit compared to Berthelot’s pipit has been described for the
Toll-like receptor loci (TLR), of the innate immune system
(González-Quevedo et al., The role of drift and selection in
shaping variation at innate immune genes in oceanic island
populations, unpublished).

Interestingly, we found that each Berthelot’s pipit MHC
class I allele represented one supertype, suggesting that each
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allele has unique binding properties. In isolated island popula-
tions, such as those of Berthelot’s pipit, alleles may be lost
during bottleneck events, but the maintenance of supertypes
through these events may occur if alleles of different supertypes
segregate at different loci and thus, PMS results in the mainte-
nance of these functionally divergent alleles at different loci
(van Oosterhout 2013). Our finding concurs with previous
evidence for the maintenance of divergent supertypes in other
systems (Huchard et al. 2008; Ellison et al. 2012). This process
has important evolutionary implications in bottlenecked popu-
lations, allowing the maintenance of divergent MHC alleles
that can potentially detect a broad range of pathogens.

Our neighbour net of the phylogenetic relationships among
Berthelot’s and tawny pipit MHC class I alleles revealed that
these species share allele lineages and do not separate accord-
ing to species. Seven out of the 17 MHC lineages found were
shared between Berthelot’s and tawny pipits and one allele
(ANBE9) was found to be exactly the same across the 240
base pairs we screened in both species. Given the low sample
size for the tawny pipit, it is possible that we missed amplify-
ing some lineages and thus our estimate of lineage sharing
must be treated as approximate. Furthermore, when coloniz-
ing the Canary Islands, some MHC lineages might have been
absent from the founding population, hence explaining why
some lineages found in tawny pipits are not represented in
Berthelot’s pipits. Despite these possibilities, we still found
considerable lineage sharing between these two species.
Tawny and Berthelot’s pipits diverged only ca. 2.5 Ma ago
(Chapter 2; Voelker 1999); the lineage sharing could therefore
be attributed to incomplete lineage sorting (Klein et al. 1993,
1998). Another possibility is that trans-species persistence of
MHC lineages has been promoted by balancing selection,
whereby allele lineages that confer selective advantage persist
over evolutionary time with little change (Klein et al. 1993).
Such trans-species persistence has been reported in many MHC
studies (Graser et al. 1996; Richardson and Westerdahl 2003;
Jaratlerdsiri et al. 2014). Interestingly, we have previously found
that the two pipit species also share a small number of alleles at
Toll-like receptors (3 out of 94 alleles across five loci, González-
Quevedo et al., The role of drift and selection in shaping variation
at innate immune genes in oceanic island populations, unpub-
lished). That we see similar patterns in the two immune gene
families may suggest a greater role for incomplete lineage sorting
than pathogen-mediated selection in the two species sharing
alleles, but testing this hypothesis would require both a larger
sample of tawny pipits and assessment of other loci.

Pathogen-mediated selection on the PBR is thought to be
the main force maintaining variation at MHC (Westerdahl
et al. 2005; Evans and Neff 2009; Spurgin and Richardson
2010). In Berthelot’s pipits MHC class I alleles, we found no
evidence of an elevated dN/dS in the PBR compared to the
non-PBR which is the classic indication of selection at MHC
(Hughes and Nei 1988; Bernatchez and Landry 2003).

However, we found that both dN and dS were significantly
higher at the PBR than at the non PBR (Fig. 4), which is to be
expected when gene conversion is the main source of varia-
tion (Ohta 1995). Gene conversion results in the transfer of
sections of DNA containing synonymous and non-
synonymous changes between alleles within or across loci.
When this process involves sites in the PBR, the new molec-
ular conformation of amino acids encoded for may be advan-
tageous if it creates a new allele that allows the better binding
of peptides from pathogens present within the population
(Ohta 1995). On the other hand, if such events occur within
the non-PBR they are likely to be selected against, because
this region is functionally constrained due to its role in mol-
ecule integrity (Klein et al. 1993). Several previous studies
have argued that gene conversion is one of the main muta-
tional forces generating MHC allelic variation in vertebrates
(reviewed in Hogstrand and Bohme 1999; Ohta 1999), a
hypothesis that has been directly supported by earlier
data from Berthelot’s pipit (Spurgin et al. 2011). In line
with this earlier study, we also detected four gene con-
version events and an elevated recombination to muta-
tion ratio across the MHC alleles of both pipit species
(1.4 for Berthelot’s pipit and 2.0 for tawny pipit alleles).
Within the exon amplified, we found evidence of his-
torical positive selection at ten specific amino acid sites,
of which four corresponded to the estimated PBR. Three
of these sites have previously been identified to be
under positive selection in other bird species (Sutton
et al. 2013), which suggests that these sites are impor-
tant determinants of the binding properties of the PBR
in avian species.

Overall, our results suggest that the Berthelot’s pipit pop-
ulation on Tenerife has reduced allelic diversity at the MHC
compared to its closest sister species. Nevertheless, the allele
lineages that persisted, or were generated after the coloniza-
tion of Tenerife, display divergent antigen binding properties.
These divergent alleles might be sufficient to successfully
initiate an adequate immune response to the local pathogens
that threaten this population. This mechanism can have sig-
nificant implications for the survival and establishment of
populations that colonize new areas possibly containing novel
diseases. Berthelot’s pipits in Tenerife have a high incidence
of malaria (Gonzalez-Quevedo et al. 2014) and the MHC is
likely to play a role in the epidemiology of this disease in the
population given that it has previously been linked to malaria
resistance (Hill et al. 1991; Westerdahl et al. 2005; Bonneaud
et al. 2006). This screening methodology and the data outlined
in the present study can now be used to assess the association
of MHC alleles and disease susceptibility/resistance, and to
investigate what causes temporal changes in MHC allele
frequency within populations to further understand how path-
ogen mediated selection might shape the variation of the
MHC at the population level.
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