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Abstract
Population bottlenecks can restrict variation at functional genes, reducing the ability of
populations to adapt to new and changing environments. Understanding how populations generate adaptive genetic variation following bottlenecks is therefore central to
evolutionary biology. Genes of the major histocompatibility complex (MHC) are ideal
models for studying adaptive genetic variation due to their central role in pathogen
recognition. While de novo MHC sequence variation is generated by point mutation, gene
conversion can generate new haplotypes by transferring sections of DNA within and
across duplicated MHC loci. However, the extent to which gene conversion generates
new MHC haplotypes in wild populations is poorly understood. We developed a 454
sequencing protocol to screen MHC class I exon 3 variation across all 13 island
populations of Berthelot’s pipit (Anthus berthelotii). We reveal that just 11–15 MHC
haplotypes were retained when the Berthelot’s pipit dispersed across its island range in
the North Atlantic ca. 75 000 years ago. Since then, at least 26 new haplotypes have been
generated in situ across populations. We show that most of these haplotypes were
generated by gene conversion across divergent lineages, and that the rate of gene
conversion exceeded that of point mutation by an order of magnitude. Gene conversion
resulted in significantly more changes at nucleotide sites directly involved with
pathogen recognition, indicating selection for functional variants. We suggest that the
creation of new variants by gene conversion is the predominant mechanism generating
MHC variation in genetically depauperate populations, thus allowing them to respond to
pathogenic challenges.
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Introduction
Reductions in population size can result in loss of
diversity at functional genes, compromising the ability
of populations to adapt (Mayr 1965; Dlugosch & Parker
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2008). While populations with low levels of genetic variation may be able to persist in stable environments,
loss of adaptive genetic diversity is likely to be especially important in scenarios where changes in habitat,
climate or pathogens occur (Lande & Shannon 1996).
Following a population bottleneck, novel genetic diversity may be introduced by migration or mutation. In
isolated populations where migration rates are low,
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mutation may be the only mechanism for generating
new variation. Understanding how mutation generates
adaptive genetic diversity in isolated populations is
therefore central to evolution, and given the role of
such diversity in the persistence of populations, is key
from a long-term conservation perspective.
Vertebrate major histocompatibility complex (MHC)
genes are arguably the best studied examples of how
selection operates at the genetic level. The MHC genes
code for cell surface glycoproteins that present pathogenic peptides to cells of the immune system, and so play
a direct role in pathogen defence (Klein 1986). These
genes display extraordinary levels of polymorphism,
often with hundreds of alleles at individual loci (Garrigan & Hedrick 2003). Patterns of MHC variation are
directly associated with pathogen resistance (Doherty &
Zinkernagel 1975; Ilmonen et al. 2007; Oliver et al. 2009)
and survival (Brouwer et al. 2010; Worley et al. 2010),
suggesting that pathogen-mediated natural selection is
the predominant force driving MHC diversity (reviewed
in Jeffery & Bangham 2000; Spurgin & Richardson 2010).
MHC-based mate choice (Penn 2002; Richardson et al.
2005) and selection against deleterious mutations at
MHC-linked regions (e.g. van Oosterhout 2009) can operate alongside pathogen-mediated selection to maintain
MHC variation, and a large body of research has been
devoted to establishing the relative roles of these processes (Apanius et al. 1997; Piertney & Oliver 2005).
Demographic processes can also play an important
role in regulating genetic diversity at the MHC (Alcaide
2010). In small, isolated populations, the effect of
genetic drift can override the effects of selection at
MHC loci, leading to a depletion in diversity (e.g.
Hedrick et al. 2001; Miller & Lambert 2004; Seddon &
Ellegren 2004). Such reductions in MHC variation may
compromise the ability of populations to adapt to new
and rapidly evolving pathogens, although establishing
direct links between reduced MHC variation, and population viability has proved difficult (Edwards & Potts
1996; Radwan et al. 2010). Even less well understood is
how, and at what rate, populations are able to recover
from the reduced MHC variation caused by reductions
in population size over evolutionary timescales. These
are questions of fundamental importance for conservation biologists, and of intrinsic interest to molecular
biologists, but are difficult to address, and so have
received comparatively little attention.
New MHC sequence variation is generated by point
mutation, with positive selection resulting in an excess of
amino acid changing substitutions in the peptide-binding
region (PBR)—the part of the molecule directly involved
with pathogen recognition (Hughes & Nei 1988). Gene
conversion-like processes (sometimes referred to as
‘micro-recombination’; Geliebter & Nathenson 1988;

hereafter referred to as ‘gene conversion’) can also generate new haplotypes, by shuffling existing MHC variation
within or across duplicated loci (Ohta 1991). Gene conversion may be particularly important for regenerating
MHC haplotype variation in bottlenecked populations,
as the rate at which it can do so may greatly exceed that
of point mutation (Parham & Ohta 1996). The occurrence,
and to some extent, the mechanics of gene conversion,
have been documented (Baltimore 1981; Schulze et al.
1983; Reusch & Langefors 2005; Chen et al. 2007), including in the avian MHC (Wittzell et al. 1999; Burri et al.
2010). However, the ability of gene conversion to generate MHC variation relative to point mutation is still
highly controversial, primarily due to a lack of empirical
data from natural populations (Martinsohn et al. 1999;
Klein et al. 2007). Moreover, statistical methods for
detecting gene conversion lack power (Mansai & Innan
2010), and it can be difficult to separate gene conversion
from convergent accumulation of point mutations due to
selection (Kriener et al. 2000; Sato et al. 2011).
Berthelot’s pipit (Anthus berthelotii) is a passerine bird
endemic to 13 island populations in three North Atlantic
archipelagos (Fig. S1, Supporting information). A
previous study revealed that this species has extremely
low levels of genetic variation, with just one and four
haplotypes at the mitochondrial control region and
cytochrome b genes respectively, across all 13 populations (Illera et al. 2007). The pipit was also found to
have lower levels of genetic variation compared to
other passerine species at a set of conserved microsatellite markers (Dawson et al. 2010). Significant genetic
structure was observed across the 13 populations, particularly across, but also within archipelagos, and significant isolation by distance was detected. These data
are consistent with a small founding population of
pipits having recently colonized these islands, with limited subsequent dispersal (Illera et al. 2007).
Here, we use the Berthelot’s pipit as a model to study
how MHC genes evolve in the early stages of differentiation. We first test whether MHC diversity in Berthelot’s pipit has been reduced to a similar extent as the
neutral diversity as a result of the founder event. We
then test whether novel MHC haplotype variation has
been generated in situ post-colonization. Finally, we
quantify the relative roles of point mutation and gene
conversion in generating new MHC haplotypes in the
pipit populations.

Methods
Sampling
Thirty Berthelot’s pipits were caught in each of the 13
main populations in which this species occurs (Fig. S1,
 2011 Blackwell Publishing Ltd
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Supporting information) between August 2005 and September 2006. Birds were caught across multiple locations in each island, using spring traps baited with
Tenebrio molitor larvae. Blood samples (c. 40 lL) were
taken by brachial venipuncture and stored in absolute
ethanol.

Molecular procedures
Genomic DNA was extracted from blood using a salt
extraction method (Richardson et al. 2001), and diluted
to 10–50 ng ⁄ lL. Degenerate fusion primers based on
those designed by Westerdahl et al. (2004; DG2,
TTGCGCTCYAGCTCYTTCTGCT; GENDG, TCCCCAC
AGGTCTCCACAC), incorporating the Roche 454 FLX
adapter sequences were used to amplify 240 bp (out of
270 bp) of the MHC class I exon 3 locus of each individual. Exon 3 contains sites which code for the PBR of
the class I molecule, and variation at these sites is likely
to be directly associated with immune defence (Hughes
& Yeager 1998).
Initial amplification and cloning was performed on
five individuals from Tenerife and one from Madeira,
using the amplification and cloning protocols outlined
in Westerdahl et al. (1999). Twelve alleles were found,
all of which were confirmed by subsequent 454
sequencing
(Table S3,
Supporting
information).
Between four and seven alleles were detected per individual, indicating that a minimum of four loci were
present (Table S3, Supporting information). This is concordant with the number of class I loci found in other
passerine birds (Richardson & Westerdahl 2003; Promerová et al. 2009).
We used population-level tagged primers and 454
sequencing to screen population-level MHC variation.
Thirteen variants of the MHC primers were designed,
each with a 7-bp population-specific tag at the 5¢ end.
To reduce the risk of sequencing errors, tags were preceded with a ‘CCD’ (D = G, A or T) motif, stretches of
the same nucleotide longer than two were avoided, and
all tags differed by at least 2 bp (Valentini et al. 2009).
With primers and tags included, the amplicon was
longer than the average read length of the 454 sequencer (the total target amplicon length including all primers and tags was 322 bp). Both forward and reverse
primers were tagged, so that, amplicons could be
sequenced using bi-directional beads and the exon
could be re-assembled using the read overlap. Each
individual within a population was amplified in a separate PCR using the same population tagged primer. The
PCRs were performed in 15 lL reactions, containing
7.5-lL 2· Thermoprime PCR mastermix (ABgene), 2-lL
each primer, 1.5-lL H2O and 2-lL template DNA,
under the following conditions: initial denaturation at
 2011 Blackwell Publishing Ltd

96 C for 3 min, 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
stage of 72 C for 10 min. The reduced number of cycles
and long extension time were used to reduce the formation of chimeric sequences (Lenz & Becker 2008). The
PCR products were purified using MinElute PCR Purification Kits (Qiagen). Concentrations were assessed
using 1.2% agarose gels and a NanoDrop ND-1000
spectrophotometer.
Amplicons from all individuals from a given population were equalized and pooled. The mixed amplicons
from each separate population were then equalized and
pooled into one overall sample containing all populations and individuals. The final sample was sequenced
using bi-directional sequencing on half a 454 FLX plate.

Identification of MHC haplotypes
Forward and reverse reads corresponding to each of the
13 population-specific tags were extracted using an
in-house Perl script, and grouped into the populations.
The reads from each population were assembled into
contigs with the Roche 454 Newbler assembler version
2.3, using highly stringent settings (99% minimum
overlap identity and 200 bp minimum overlap length).
Most short and low frequency reads, which may represent PCR and sequencing artefacts (Babik et al. 2009;
Galan et al. 2010), would not group into contigs using
this procedure. Nonetheless, some may, and so contigs
shorter than 220 bp and low frequency contigs (see
below) were excluded. If each individual in a population (30 individuals) had eight different haplotypes
(based on the estimate of four duplicated loci), the frequency of a single haplotype copy in the population
would be 0.4%. To minimize the possibility of missing
very rare haplotypes, the identified haplotypes from
each population were mapped back to the discarded
contigs from all other populations, with the aim of
identifying haplotypes that had been verified in some
populations, but discarded in others.

Founder population size and drift
We developed a simple simulation to establish the minimum number of founder individuals required to introduce the observed number of MHC haplotypes, using a
macro developed in Minitab version 12.1 (Minitab Inc.;
available from the authors on request). The rationale
behind this simulation was that if the number of founder individuals required to introduce the total observed
number of haplotypes is much larger than is plausible
based on the mitochondrial diversity, then it is
likely that some MHC variation has evolved in situ,
post-colonization.
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The simulation re-sampled eight haplotypes per individual (based on four duplicated loci) from the contemporary gene pool 1000 times, increasing the number of
individuals until the observed number of MHC haplotypes occurred in 1%, 50% and 99% of simulations.
The simulations assumed equal sex ratio and no genetic
drift after the founder event. Although the second
assumption is unrealistic, it will result in an underestimation of the number of founding individuals required.
As our aim was to simulate the minimum number of
founding individuals required to introduce all MHC
variation, it can be considered conservative.
The effect of genetic drift was examined by comparing population size with allelic richness at both the
MHC and at the five microsatellite loci amplified by
Illera et al. (2007) using linear regression.

Sequence analyses
To visualize the time frame over which MHC loci have
been diverging across populations, it is necessary to
obtain an estimate of how long the populations have
been separated. To do so, time to most recent common
ancestor (TMRCA) of the pipit mitochondrial cytochrome b sequences from Illera et al. (2007) was estimated using BEAST version 1.6.1 (Drummond &
Rambaut 2007). Two independent MCMC analyses of
10 000 000 steps, each with a burn-in of 1 000 000 steps,
were performed. We used the HKY model of nucleotide
substitution (Hasegawa et al. 1985) and a rate of 0.01
substitutions per site per million years, corresponding
to sequence a divergence rate of 2% per million years.
Convergence of the chains to a stationary distribution
was assessed with Tracer version 1.4. Mutation rates at
passerine mitochondrial genes can vary, and 2% per
million years is likely to be an underestimate (Nabholz
et al. 2009). The true date of dispersal may therefore be
more recent than our conservative estimate of TMRCA.
At the MHC, nucleotide sites known to code for the
PBR in humans (Brown et al. 1993) were used to estimate PBR and non-PBR sites in the pipit sequences. We
calculated dN and dS separately for PBR and non-PBR
regions (Nei & Gojobori 1986) in MEGA (Tamura et al.
2007). Differences between dN and dS, as well as differences across PBR and non-PBR regions, were assessed
using Mann–Whitney U-tests.
We tested for individual gene conversion events
using GENECONV (Sawyer 1999), and recombination
using the RDP (Martin & Rybicki 2000), MaxChi (Smith
1992) and methods implemented in the RDP3 package.
However, GENECONV, the most commonly used statistical method to detect gene conversion, has been
shown to suffer from low power (Mansai & Innan
2010), and other methods are not designed to detect the

transfer of small sequence fragments. We also calculated rate of recombination (q) relative to point mutation (h) across the global alignment using LDHat
(McVean et al. 2002). This program uses a coalescentbased approach, and therefore while estimates of
q ⁄ h > 1 are likely to be indicative of recombination,
absolute estimates from data across populations need to
be interpreted with caution.
We developed a macro to quantify the level of shared
polymorphism across unrelated haplotypes (hereafter
‘convergence’), using Minitab version 12.1 (available
from the authors on request). Each haplotype (the
‘derived’) is first paired with its closest matching haplotype (the ‘ancestor’) using a 3-bp sliding window, and
the percentage sequence similarity between the two is
calculated. The macro then searches for a ‘donor’ haplotype within the genepool that can explain 100% of
sequence similarity at the regions where the ancestor
and derived haplotypes differ. A ‘construct’ haplotype
is then created by recombining the derived haplotype
with the donor at the region of mismatch. The percentage sequence similarity between the construct haplotype and the ancestor haplotype is then calculated to
give the level of sequence similarity after allowing ‘convergence’ with one donor. The average improvement in
sequence similarity was compared to a data set simulated to evolve neutrally via point mutation only, using
Wilcoxon tests (see Appendix S2, Supporting information). A significant increase in sequence similarity is
predicted to arise from convergent evolution via either
point mutation or by gene conversion. We therefore
stress that the above method quantifies the level of convergence in haplotypes, rather than gene conversion per
se. We assessed the likelihood of the convergent evolution occurring via point mutation by looking for independent point mutations at synonymous sites (see
Results).

Results
454 sequencing and identification of MHC haplotypes
The 454 run yielded 268 267 reads, 257 708 (96%) of
which exactly matched one of the 13 population-level
tags. Thus, the rate of error was relatively low. The
number of reads obtained per population ranged from
7763 to 33 102. The Newbler assembler grouped these
sequences into between 12 and 91 contigs per population, using 227 056 (88%) of the reads. After removing
short contigs, and those with <0.4% of the reads (this
corresponded to 38 reads in the population with the
lowest read number), between 9 and 14 haplotypes per
population were identified (Table 1) making use of
208 199 (81%) of the reads. None of the remaining
 2011 Blackwell Publishing Ltd
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Table 1 Haplotype and lineage diversity at major histocompatibility complex (MHC) class I genes across Berthelot’s pipit
populations

Columns L1–11 represent haplotype lineages, the numbers inside cells are the labels of individual MHC haplotypes. The colour of
cells corresponds to whether, within each population, we found only the most widespread haplotype within a lineage (blue), a rare
haplotype found in just a few populations (red), or cases where multiple haplotypes of the same lineage were present (yellow).
Furthermore, included are the probabilities from binomial mass functions that haplotypes within lineages are mutually exclusive
across populations (see Appendix S1, Supporting information).

haplotypes contained indels or stop codons. Some haplotypes occurred at high frequencies across most populations, whereas others were rare, and only present in
one, or a subset of populations, making a total of 41
unique haplotypes (Table S1, Supporting information;
Fig. 2). These assembled haplotype sequences have
been deposited in GenBank (accession numbers).
A phylogenetic network of the MHC haplotypes
revealed eleven divergent lineages, each containing
between one and twelve closely related haplotypes
(Fig. 1). Lineages typically consist of one geographically
widespread haplotype and a few rarer haplotypes,
unique to just one or two populations (Table 1). Not all
populations contain all 11 lineages (range 6–10), but
with the exception of the more complicated L1 and L3
lineages, all populations possess only one haplotype
from each of the lineages they do contain (Table 1). In
other words, haplotypes within lineages are mutually
exclusive across populations (Fisher’s combined probability test: v2 = 53.8, d.f. = 20, P = 6.19 · 10)5, Table 1).

Colonization time, founder population size and drift
Analyses of the pipit mitochondrial DNA sequences
using BEAST yielded a mean age estimate for the MRCA
of extant mtDNA haplotype diversity of 75 000 years
(HPD 20 000–170 000), which we take as a conservative
 2011 Blackwell Publishing Ltd

estimate of when the Berthelot’s pipit dispersed to form
its current range. This assumes a single founding
mtDNA lineage from which all extant lineages are
derived, and it should be pointed out that if colonization had involved more than one of the four mtDNA
haplotypes from which the single extant haplotype
diversity is derived, or if our mutation rates are too
low, colonization time would be closer to the present.
Simulations revealed that a minimum founder population size of 320 (outbred individuals) is required to
introduce the observed number of 41 MHC haplotypes.
A founder size of ca. 500 birds will introduce a median
of 41 MHC haplotypes, and more than 2000 birds are
required to explain the presence of 41 haplotypes with
99% confidence (Fig. S2, Supporting information).
Given that no drift was allowed after the founder event,
these simulations are conservative (i.e. they are underestimating the ‘true’ founder population size if all
extant MHC variation has to be introduced during
founding). As a single ancestral mitochondrial haplotype was involved in colonization (Illera et al. 2007),
such a large number of colonizing individuals seems
highly unlikely, given the levels of mitochondrial haplotype diversity seen in other outbred bird populations
(Grapputo et al. 1998; Questiau et al. 1998; Kimura
et al. 2002). Furthermore, if all 41 haplotypes were
present in the founding population, and the extant
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Fig. 1 Neighbour-net constructed from 41 Berthelot’s pipit MHC class I exon 3 haplotypes using Jukes–Cantor distances.

haplotype distribution was caused by stochastic patterns of loss across populations due to drift, there
should be a correlation between population size and
number of MHC haplotypes. We found strong evidence
for drift at neutral loci, indicated by a positive relationship between microsatellite variation and population
size; however, this was not the case for the MHC,
which showed a strikingly different pattern (Fig. 2).
Consequently, we suggest that the geographically widespread haplotypes of each lineage are ancestral, that
novel haplotype variation has been generated in situ
within each population, and that new haplotypes normally replaced the haplotype from which they were
derived. Depending on the number of ancestral haplotypes in the complicated L1 and L3 lineages, there are
between 11 and 15 founder MHC haplotypes, with
between 26 and 30 haplotypes having evolved in situ
after the initial founding event. In subsequent analyses,
we assume 12 ancestral alleles—one from each lineage,
and the two most widespread haplotypes from lineage
L3 (ANBE6 and ANBE8). Fewer than 20 individuals are
required to introduce 11–15 haplotypes to each island
with 99% confidence (Fig. S2, Supporting information).
This founder population size appears to be more consistent with the low mtDNA variation of the species.

Sequence analyses
Putative derived MHC haplotypes differed from their
ancestral forms by distinctive nucleotide clusters that

were present in ancestral haplotypes from other lineages
(Fig. 3). The effect of these recurring motifs was apparent in the phylogenetic network (Fig. 1), which reveals
widespread conflicting splits, indicating ambiguous relationships among the MHC haplotypes. The RDP, GENECONV and MaxChi methods of recombination
detection found 3, 11 and 19 recombination events
respectively, strongly suggesting that micro-recombination or gene conversion has occurred at the pipit MHC.
However, these methods failed to detect instances of
gene conversion that were very clear when inspected by
eye (the event shown in Fig. 3B, for example, was not
detected). Considering all sequences together, the estimated population recombination rate (q) was 26.94 (5%
and 95% bounds were 18.34 and 38.22 respectively),
compared to a mutation rate (h) of 15.89, giving a recombination–mutation ratio of 1.695. This indicates that
recombination is more prevalent than point mutation.
Our macro developed to detect convergence among
haplotypes revealed that MHC haplotypes were highly
similar to their closest relative, differing on average by
just over 1% (Table S2, Supporting information). In
contrast, putative donor haplotypes were on average
10% different to the derived haplotypes across the
sequence as a whole, but usually matched perfectly in
the donor regions. The size of donor regions varied,
with minimum insert size ranging from 2 to 35 bp
(Table S2, Supporting information). There was an
increase in sequence similarity between haplotypes and
their closest relatives after allowing a single donor
 2011 Blackwell Publishing Ltd
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Fig. 2 Variation at major histocompatibility complex (MHC)
and microsatellite loci in relation to rank population size (Illera
2007) across island populations. For the MHC, this is the number of haplotypes found in each population. For microsatellites,
it is the total number of haplotypes detected across five loci
(Illera et al. 2007). Dotted lines represent 95% confidence intervals. There is a significant positive relation for microsatellites
(R2 = 0.87, d.f. = 11, P = 2.92 · 10)6), but not for the MHC
(R2 = 0.001, d.f. = 11, P = 0.89). This relationship also holds for
island size (microsatellite: R2 = 0.71, d.f. = 11, P = 3.14 · 10)4;
MHC: R2 = 0.015, d.f. = 11, P = 0.69).

haplotype, and after allowing two donors, 100% of the
observed nucleotide polymorphisms could be explained
in all but two putative derived haplotypes, which both
differed from their closest relative by a single point
mutation (Table S2, Supporting information). Sequence
variation in the putative ancestral haplotypes could be
less well explained by donor haplotypes (Table S2, Supporting information). Moreover, putative ancestral haplotypes were identified by the macro as donor sequences
in 26 of 27 cases. Thus, these analyses strongly support
our identification of ancestral and derived haplotypes.
The average level of convergence in the observed MHC
sequences was much greater than that at sequences simulated to evolve neutrally via point mutation (Fig. S3,
Supporting information). In other words, to explain the
shared polymorphisms observed across lineages, either
gene conversion or convergent evolution by point mutation must be operating. Assuming 12 ancestral and 29
derived sequences, a combination of 27 gene conversion
events and two point mutations could potentially
explain all the MHC sequence variation in the pipit
populations.
To assess the likelihood that convergent accumulation
of point mutations, rather than gene conversion,
 2011 Blackwell Publishing Ltd

explained our observed patterns, patterns of variation
at (mostly neutral) third codon positions were examined. If all within-lineage variation could be explained
by point mutation, we would expect to see, by chance,
some evidence of independent neutral mutations within
lineages. We did not see this: of 80 third codon sites, 50
were conserved across all haplotypes, 14 sites were variable across (but not within) lineages and 15 sites exhibited within-lineage variation. Importantly, all withinlineage variation could be explained by polymorphism
found across lineages, with no evidence of independent
mutations within lineages. The probability of 15 neutral
mutations occurring at the same nucleotide positions in
different lineages by chance given the number of variable sites is extremely low (v2 = 29.17, d.f. = 1,
P = 6.7 · 10)8). Considering all 240 sites, only two
unique (nonsynonymous) within-lineage mutations
occurred, which were also identified by the macro and
appear to represent point mutations.
Gene conversion resulted in more changes at putative
PBR sites than at non-PBR sites (v2 = 10.89, d.f. = 1,
P = 9.6 · 10)4; Fig. 4). This is reflected in rates of nonsynonymous (dN) and synonymous (dS) substitutions
across the pipit sequences. Both dN and dS were significantly higher at PBR compared to non-PBR sites
(Fig. 4), but dN was not significantly higher than dS in
the PBR. However, dS was significantly higher than dN
at non-PBR sites (Fig. 4) indicating purifying selection
in these areas.

Discussion
Here, we show that, in the Berthelot’s pipit, only a limited number of divergent MHC haplotypes persisted
when this species dispersed across its range ca.
75 000 years ago. Importantly, we were able to characterize the generation of MHC diversity subsequent to
the founding event. We found that gene conversion rapidly generated functional MHC haplotype diversity
across populations, with conversion events outstripping
point mutations by as much as an order of magnitude.
The argument could be made that the recombinant
haplotypes we observe are chimeras—artefacts of the
PCR process known to occur when amplifying multiple
loci. We believe that this is highly unlikely. First, we
used a PCR protocol designed to minimize the formation of chimeras (Lenz & Becker 2008). Second, chimeras are expected to be rare in comparison to true
haplotypes (Babik et al. 2009), whereas we find the
same recombinants occurring at high frequencies both
within a population, and most importantly, across multiple independently amplified populations. To invoke
an explanation of chimeras for our data would require
independent nonrandom generation of the same
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chimeric sequence in independent PCR reactions, from
independent populations. Third, by virtue of the
dynamics of their formation, chimeras should co-occur
with the parental sequences, from which they formed
in a PCR reaction (Lenz & Becker 2008). In contrast, we
find that recombinant and parental haplotypes do not
typically co-occur within populations (Table 1). Fourth,
there would be no reason to expect chimeras to form
preferentially at the PBR, as we have found. Finally, we
would generally expect chimeras to resemble single
breakpoint recombination events within our short fragment, and many (but not all) of the recombination
events we observe would require multiple breakpoints
(Fig. 3A). We can thus exclude any explanation of chimeric origin for our recombinant sequences.
Using population-level tagged primers and 454
sequencing allowed us to MHC genotype a large number
of individuals rapidly and efficiently. With this
approach, however, individual-level variation could not
be resolved. While initial cloning indicated that four
duplicated class I loci are present in Berthelot’s pipit—a
similar number to other studies on passerines (Richardson & Westerdahl 2003; Promerová et al. 2009)—we cannot exclude the possibility that more loci are present.
However, given the number of haplotypes we detected
per population (between 9 and 14), it is unlikely that we
have drastically underestimated the number of loci present. A second challenge that our approach presented was
that our amplicon exceeded the available read length,
meaning that we had to assemble forward and reverse
reads into contigs. We are confident that the use of
highly stringent assembly criteria to reconstruct haplotypes allows us to exclude the presence of chimeric
alleles assembled from overlapping haplotypes for all
but the most similar sequences (<1% nucleotide divergence). The longer read-lengths now available with 454
sequencing are likely to eliminate the need for this bioinformatics phase for amplicons up to 300 bp (see for
example Galan et al. 2010), although our paired-end
approach offers the opportunity for longer amplicons
(up to 700 bp) to be genotyped.
As derived haplotypes appear to have replaced their
ancestors within the pipit populations, gene conversion
has not increased haplotype diversity within each independent population. This same pattern has been found

0.6
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PBR

non-PBR

Fig. 4 Rates of nonsynonymous (dN) and synonymous (dS)
substitutions in peptide-binding (PBR) and non-PBR regions in
Berthelot’s pipit major histocompatibility complex (MHC) class
I exon 3 sequences. Significance levels were evaluated with
Mann–Whitney U-tests (*P < 0.05, **P < 0.01, ***P < 0.001).
Error bars represent 95% confidence intervals.

in humans (Parham & Ohta 1996), suggesting that it
may be a widespread phenomenon in MHC evolution.
The replacement of ancestral MHC haplotypes by new
haplotypes within populations may be because of direct
positive selection of the derived haplotype, or because
derived haplotypes share the same ‘sheltered load’ of
deleterious mutations at MHC-linked regions as their
ancestors (van Oosterhout 2009). Importantly, gene conversion generated different MHC haplotypes in eight of
the 13 populations. Consequently, these results show
that while haplotype diversity did not increase within
populations, gene conversion can rapidly increase MHC
haplotype diversity at the metapopulation level.
Although there is a large body of evidence suggesting
that gene conversion operates within the MHC, the evolutionary significance of this has remained both poorly
understood and controversial (Martinsohn et al. 1999;
Klein et al. 2007). This is largely due to the difficulty of
detecting gene conversion in wild populations. In populations that have evolved independently for long periods of time, homoplasy arising from recurrent gene

Fig. 3 (A) Amino acid alignment of 41 Berthelot’s pipit major histocompatibility complex (MHC) class I exon 3 haplotypes, grouped
by lineage according to a neighbour-net (Fig. 1). Putative ancestral haplotypes are at the top of each lineage, and highlighted in bold.
Sites marked with a * indicate those that encode for the human peptide-binding region. (B) Nucleotide alignment showing an example of gene conversion in three MHC sequences. This example consists of a widespread ancestral haplotype (ANBE10), a closely
related haplotype derived from this (derived, ANBE13), and another distantly related ancestral haplotype (donor, ANBE2). Areas in
which the ancestral and derived haplotypes differ are outlined with shaded boxes, and nonsynonymous and synonymous substitutions are highlighted in red and blue respectively.
 2011 Blackwell Publishing Ltd
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conversion events and ⁄ or point mutations will make
the two difficult to distinguish. In Berthelot’s pipit, the
combination of multiple populations and limited migration has allowed us to separate ancestral and derived
variation, and as a result, clearly observe gene conversion. Moreover, the recent divergence among populations has provided a ‘window of opportunity’ to
characterize how MHC genes evolve in the first stages
of diversification, without the effects of homoplasy.
Additional research is now required to determine how
selection and ⁄ or drift operate to maintain new haplotypes within populations, and how migration may
affect how patterns of MHC variation and newly
evolved haplotypes are distributed across populations.
An additional factor underpinning the difficulty of
quantifying gene conversion in natural populations is
that detecting individual gene conversion events using
statistical methods is highly problematic, although all
three methods implemented in the present study
yielded positive results. This is a particular problem
when gene conversion does not result in large changes—for example, when small sequence tracts are transferred. We present a simple method for detecting the
overall degree of convergence between sequences.
Again, we stress that this method does not distinguish
between gene conversion and convergence of point
mutations; in our study, this was only achieved by
looking at patterns of synonymous variation. The probability that point mutation can explain the high levels
of convergence seen in the pipit MHC is exceedingly
small (P = 6.7 · 10)8). We acknowledge, however, that
we were not able to statistically identify all of the gene
conversion events, and cannot completely rule out the
possibility that some of the convergent substitutions
observed were the result of point mutations.
No evidence was found for elevated dN ⁄ dS in the
PBR, which is widely regarded as the classic sign of
selection at MHC genes (Hughes & Nei 1988). Instead,
we found that both dN and dS were higher in PBR compared to non-PBR regions. This pattern is to be
expected under a scenario of gene conversion combined
with positive selection (Ohta 1995), whereby conversion
events that contain beneficial non-synonymous mutations at the PBR are positively selected, and synonymous mutations hitchhike across with them (Fig. 3B).
While a number of other population genetic studies
have found elevated dS at PBR compared to non-PBR
sites (e.g. Richardson & Westerdahl 2003; Ekblom et al.
2007), to our knowledge, none has considered the possibility that gene conversion may be the cause.
Gene conversion can occur across alleles or across loci
when genes have been duplicated (Chen et al. 2007).
Thus, gene conversion across loci has the potential to
generate new haplotypes, even if the population is

entirely homozygous at each of the paralogous MHC
loci. Nonetheless, gene conversion can only re-shuffle
existing (intra- or inter-locus) polymorphisms to create
new variants. Therefore, although it can rapidly generate variation at the haplotype level, variation at the
sequence level is expected to be homogenized over
time, especially when larger fragments are being transferred (Takuno et al. 2008). In populations of Berthelot’s
pipit, gene conversion did cause a reduction in amino
acid variation, although to a lesser extent in the PBR
than non-PBR regions, and not in all populations
(Fig. S4, Supporting information). It therefore appears
that in these populations, the beneficial effect of novel
haplotype variation from gene conversion outweighed
the effect of sequence variation becoming marginally
homogenized. This is to be expected when sequences
within a population are divergent—a common observation at the MHC following population bottlenecks (Hedrick et al. 2000, 2002; Richardson & Westerdahl 2003;
van Oosterhout et al. 2006). In such scenarios, we suggest that gene conversion may be the primary mechanism generating new functional haplotypes.
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