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Abstract

Our understanding of the evolutionary mechanisms generating variation within the
highly polymorphic major histocompatibility complex (MHC) genes remains incomplete.
Assessing MHC variation across multiple populations, of recent and ancient divergence,
may facilitate understanding of geographical and temporal aspects of variation. Here, we
applied 454 sequencing to perform a large-scale, comprehensive analysis of MHC class II
in the closely related, hybridizing newts, Lissotriton vulgaris (Lv) and Lissotriton
montandoni (Lm). Our study revealed an extensive (299 alleles) geographically structured
polymorphism. Populations at the southern margin of the Lv distribution, inhabited by
old and distinct lineages (southern Lv), exhibited moderate MHC variation and strong
population structure, indicating little gene flow or extensive local adaptation. Lissotriton
vulgaris in central Europe and the northern Balkans (northern Lv) and almost all Lm
populations had a high MHC variation. A much higher proportion of MHC alleles was
shared between Lm and northern Lv than between Lm and southern Lv. Strikingly, the
average pairwise Fst between northern Lv and Lm was significantly lower than between
northern and southern Lv for MHC, but not for microsatellites. Thus, high MHC
variation in Lm and northern Lv may result from gene flow between species. We
hypothesize that the interspecific exchange of MHC genes may be facilitated by
frequency-dependent selection. A marginally significant correlation between the MHC
and microsatellite allelic richness indicates that demographic factors may have contrib-
uted to the present-day pattern of MHC variation, but unequivocal signatures of adaptive
evolution in MHC class II sequences emphasize the role of selection on a longer
timescale.
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essential role in the adaptive immune response; they

Introduction . . .
encode proteins that present antigens derived from

Major histocompatibility complex (MHC) is a gene-
dense region present in all jawed vertebrates (Kelley
et al. 2005). Classical MHC class I and II genes play an
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pathogens to the immune system. Recognition of the
MHC-antigen complex by T cells triggers a highly spe-
cific immune response against the pathogen (Janeway
et al. 2004).

Major histocompatibility complex genes are the most
polymorphic genes in vertebrates (Garrigan & Hedrick
2003), and understanding the patterns and causes of
their variation has been a major goal of research in the
fields of ecology and evolution (Sommer 2005; Milinski
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2006; Piertney & Oliver 2006). High variation may be
manifested both as a large number of alleles per locus
(e.g. human HLA-A, B, DRB, http://www.ebi.ac.uk/
imgt/hla/stats.html) and as the presence of a number
of recently duplicated, and presumably functionally
equivalent, loci (Delarbre et al. 1992; Bowen et al. 2004;
Otting et al. 2005; Zagalska-Neubauer et al. 2010). High
MHC polymorphism, especially in parts that encode for
functionally important antigen-binding sites (ABS), is
believed to be maintained by two major types of balanc-
ing selection: negative frequency-dependent selection
(Clarke & Kirby 1966; Snell 1968; Borghans et al. 2004)
and overdominant selection (heterozygote advantage;
Doherty & Zinkernagel 1975; Takahata & Nei 1990;
Hughes & Nei 1992). Pressure from pathogens is con-
sidered to be the major selective factor maintaining
MHC variation in natural populations (Wegner et al.
2003; Sommer 2005; Bonneaud et al. 2006; Milinski 2006;
Schwensow et al. 2007, 2010; Deter et al. 2008; Kloch
et al. 2010), but disassortative mate choice can also play
a role (Penn 2002).

Natural selection may act on MHC genes over short
time periods, but its signatures may be detected in
patterns of sequence variation over thousands of gen-
erations (Garrigan & Hedrick 2003). On the other
hand, MHC variation can be shaped predominantly
by demographic processes, especially in small, bottle-
necked populations (reviewed in Radwan et al. 2010).
Thus, both selection and drift appear to affect patterns
of MHC variation, and each of the mechanisms may
dominate at different timescales (Bernatchez & Landry
2003; Borghans et al. 2004; Babik et al. 2005b; Piertney
& Oliver 2006; Radwan et al. 2010). The relative role
of natural selection vs. genetic drift in MHC evolution
is not yet fully understood, and studies of structured
populations on a large geographical scale may pro-
vide insight into mechanisms that maintain MHC var-
iation.

Population structure in MHC may result not only
from drift but also from divergent selection pressures
acting between populations (Ekblom et al. 2007; Loiseau
et al. 2009; Eizaguirre et al. 2011). Indeed, there is evi-
dence that selection on MHC alleles differs between
populations, and gene flow between populations has
been hypothesized to contribute to the maintenance of
high MHC polymorphism (Kloch et al. 2010). Gene flow
may also occur among species (Mallet 2005), and it
therefore seems possible that introgression may be
another mechanism that increases MHC variation. It fol-
lows that frequency-dependent selection acting on
MHC may facilitate gene flow, as introgressed alleles
will initially be rare, and therefore favoured by selec-
tion. Such alleles may rapidly become established in the
recipient species (Barton 2001).

Major histocompatibility complex class II architecture
and variation have been investigated less in amphibians
than in other vertebrate groups (Kelley et al. 2005; Piert-
ney & Oliver 2006). Anura data on MHC variation exist
for several species (Hauswaldt et al. 2007; May & Bee-
bee 2009; Zeisset & Beebee 2009; Kiemnec-Tyburczy
et al. 2010), and the most extensive information is avail-
able for Xenopus and Silurana (Bos & Waldman 2006;
Ohta et al. 2006). Among urodele amphibians, data on
MHC class II variation are only available for two clo-
sely related Ambystoma species (Ambystoma mexicanum
and Ambystoma tigrinum; Tournefier et al. 1998; Sammut
et al. 1999; Laurens ef al. 2001) and two newts, the great
crested (Triturus cristatus, Babik et al. 2009a) and the
alpine newt (Mesotriton alpestris, Babik et al. 2008).
Existing data reveal substantial differences in MHC
organization and patterns of variation between species,
and both selection and drift appear to have left strong
signatures on the genome. The interest in amphibian
MHC class II is also motivated by its potential link to
the conservation of amphibian species. Many amphibian
species are highly endangered and are declining world-
wide because of several interrelated factors, of which
the emergence of infectious pathogens is one of the
most severe (Stuart et al. 2004; Beebee & Griffiths 2005;
Pounds et al. 2006; Lips et al. 2008).

Here, we investigate MHC variation and population
structure in two sister species of newts: the smooth (Lis-
sotriton vulgaris) and Carpathian newt (Lissotriton mon-
tandoni). A comparative study of MHC variation in
these species is interesting for several reasons. First, the
species differ greatly in the size and characteristics of
their distribution ranges. Lissotriton wvulgaris inhabits
large expanses of Eurasia and exhibits an ancient
genetic structure, as reflected by multiple subspecies,
and multiple glacial refugia have been identified for
this species (Babik et al. 2005a; Nadachowska & Babik
2009). In contrast, L. montandoni is confined to the Car-
pathian Mountains in central Europe where its refugia
were located. Thus, a higher overall MHC variation and
its stronger geographical structuring are expected in
L. vulgaris if MHC variation has been shaped mainly by
historical processes and/or local adaptations. Second,
the species show a number of behavioural and ecologi-
cal differences (Babik et al. 2003, 2005a and references
therein), which may be reflected in patterns of MHC
variation. Third, despite these differences, the species
hybridize wherever their parapatric ranges meet (Babik
et al. 2003) and analyses of mtDNA and several nuclear
sequence markers revealed substantial, mainly unidirec-
tional, gene flow from L. vulgaris to L. montandoni
(Babik ef al. 2005a). It is thus interesting to determine
the extent to which interspecific gene flow affected
MHC class II.

© 2011 Blackwell Publishing Ltd



HY

The specific aims of this study were as follows: (i) to
assess the number of loci, expression pattern and levels
of MHC class II variation; (ii) to test for signatures of
historical positive natural selection and to evaluate its
role in shaping patterns of MHC II variation; (iii) to
characterize population genetic structure in MHC II
genes, differentiation between L. montandoni and L. vul-
garis and among L. vulgaris subspecies; (iv) to investi-
gate whether interspecific gene flow contributes to
MHC variation in these species and (v) to test for a cor-
relation between MHC variation and putatively neutral
microsatellite variation.

Materials and methods

Samples

We sampled 26 populations representing all L. vulgaris
subspecies (13 populations of L. v. vulgaris, 5—L. v.

greacus, 2—L. v. ampelensis, 2—L. v. lanzi, 1—L. v.

meredionalis, 1—L. v. kosswigi, 2—L. v. schmidtlerorum)
and nine populations of L. montandoni distributed over
the entire species range (Fig. 1, Table S1, Supporting
information). Our sampling encompassed both putative
glacial refugia and postglacial expansion areas and con-
centrated in the regions where we expected to find the
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highest diversity, based on the earlier phylogeographic
study (Babik et al. 2005a).

Development of primers, amplification and 454
sequencing

The second exon of MHC class II genes encodes the
ABS sites, is the most polymorphic part of the gene and
thus may serve as a proxy for the overall variation. Ini-
tially, we obtained exon 2 sequences from c. 100 newts
from multiple populations using primers TrMHCII1F-
TrMHCII4R (Babik et al. 2008). Additional vectorette
PCR experiments performed according to the protocol
of Babik et al. (2008) and, with primers reported there,
allowed better characterization of sequence diversity at
both ends of the exon. Primers used for genotyping
were designed on the basis of information gathered in
these preliminary steps (Table 1; Fig. S1, Supporting
information). A 204-bp fragment (excluding primers) of
the MHC II 2nd exon was amplified for each individual
in two PCRs, each employing a different primer pair:
(1) Fusion. MHCvul F/Fusion MHCvul R1 and (i)
Fus-ion_ MHCvul_F/Fusion MHCvul_R2; these two pri-
mer combinations are referred to as R1 and R2 later on.
The fusion primers were necessary for sequencing
amplicons using 454 Titanium technology. The forward
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Fig. 1 Sampling localities of Lissotriton montandoni (triangles) and Lissotriton vulgaris (circles). Inset shows the distribution of species
and L. vulgaris subspecies (L. montandoni—Lm, L. v. vulgaris—Lvv, L. v. graecus—Lvg, L. v. ampelensis—Lva, L. v. lanzi—Luvl,
L. v. meridionalis—Lvm, L. v. kosswigi—Lvk and L. v. schmidtlerorum—Lvs). The dashed curves represent the northern L. vulgaris and
southern L. vulgaris groups (see main text for further explanation). The names of populations corresponding to numbers are given in

Tables 5 and S1, Supporting information.
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Table 1 454 Primers used for amplification of MHC class 1I
2nd exon in Lissotriton vulgaris and Lissotriton montandoni

Name Sequence 5 — 3’

Specific primers

MHCvul_F GAGTGYCWSTWSSTBAACG
MHCvul_R1 CTCACRCYTCCGSTGCTCCATG
MHCvul_R2 CTCACGCCTCCGKTKGTACAGG

454 adapters
Adapter A CGTATCGCCTCCCTCGCGCCATCAG
Adapter B CTATGCGCCTTGCCAGCCCGCTCAG

MHC, major histocompatibility complex.

fusion primer consisted of 454 Titanium amplicon adap-
tor A, followed by a 6-bp sequence tag, and MHCvul F
sequence. The reverse fusion primers consisted of 454
Titanium amplicon adaptor B and MHC II-specific pri-
mer (MHCvul_R1 or MHCvul R2, Fig. S1, Supporting
information). The 6-bp tags were used to assign 454
sequencing reads to individuals. We used 96 tags, dif-
fering from each other in at least three positions, which
minimizes misassignment of alleles, i.e. even if the tag
in a sequencing read contains an error, this error is
unlikely to convert it to the sequence of another tag
used in the experiment; thus, the read will simply be
left unassigned. The R1 primer pair amplified the
majority of alleles and yielded PCR product for all indi-
viduals. The R2 pair amplified just a small subset of
alleles, and PCRs were successful for 38% of analysed
individuals, reflecting the presence of R2 amplifiable
alleles. Each PCR was performed in 15 pL and con-
tained 7.5 pL of HotStar PCR Master Mix (Qiagen) and
3 um (R1) or 1.5 pm (R2) of each primer. The following
PCR protocols were wused: 95°C/15min, 42x
(94 °C/30s, 52 °C/30s, 72°C/90s), 72 °C/10 min for
R1 and 95°C/15 min, 40x (94 °C/30s, 55°C/30s,
72 °C/90 s), 72 °C/10 min for R2.

The number of PCR cycles was high because of the
low amplification efficiency of primers. Normally, care-
ful primer design and optimization of PCR conditions
ensure high efficiency of amplification. However, in
cases of high sequence variation, such as observed in
this study, this may not be possible. One can follow
two alternative routes to study such extraordinarily
polymorphic systems by PCR. First, which we have fol-
lowed, is to design primers at the most conservative
fragments of the sequence even though the primers
may not be optimal for PCR efficiency. The advantages
of this approach are a low number of primer sets
required for amplification of all target variants (two sets
in our case) and low probability of missing true alleles
owing to mutations in primer-binding sites. On the
other hand, such primers, if not optimal for PCR,
require a high number of PCR cycles, resulting in

higher probability of PCR artefacts (Kanagawa 2003).
Alternatively, in the second approach, one may try to
design a set of high-quality primer pairs in a more
polymorphic region. In our opinion, this approach has
serious disadvantages: (i) expected unequal amplifica-
tion by various primer pairs precludes the use of the
multiplex PCR, thus increasing the overall cost and
logistic burden in setting up multiple PCRs and their
downstream processing, (ii) variation in the primer-
binding sites not recognized at the stage of primer
design increases the risk of missing some alleles.

We pooled approximately equimolar quantities of
PCR products (assessed by visual examination of band
intensities on agarose gels) obtained with up to 96 dif-
ferent tags. The pools were purified using the MinElute
PCR Purification Kit (Qiagen). Purified pools from two
PCR (R1 and R2) containing the same individuals were
combined according to the required coverage and
sequenced as a part of two 454 Titanium runs (each run
contained also MHC amplicons from other species) at
the Functional Genomics Center Uni/ETH in Zurich.
Each run was divided into eight sections, which
allowed the use of the same tagged primers multiple
times. Seventy-seven individuals were amplified twice
with R1, and both amplicons were sequenced. The rep-
licates were used to assess the genotyping error. To
extract, analyse and visualize sequencing data for each
amplicon, we used the JMHC software (Stuglik et al.
2011) and the output from jMHC was further analysed
in Excel and Bioedit (Hall 1999).

Analysis of expression

The preliminary analyses of expression patterns were
conducted on five L. vulgaris larvae preserved in the
RNAlater reagent (Sigma). Gills were homogenized,
and RNA was extracted using the RNeasy Mini kit
(Qiagen) according to the manufacturer’s protocol
including DNase digestion step. Messenger RNA
(mRNA) was reverse transcribed using Omniscript
Reverse Transcriptase kit (Qiagen) and Oligo(dT)i»-1s
primer (Invitrogen). MHC II exon 2 was amplified from
cDNA and 454 sequenced (together with MHC alleles
amplified from genomic DNA of these individuals) as
described above.

Distinguishing true alleles from artefacts and MHC
genotyping

Preliminary analysis of R1 amplicons, based on a care-
ful examination of the allele sequences and read counts
for a subset of individuals, suggested the range of 2-6
alleles per individual. Assuming that the maximum
number of alleles per individual was 6, we then calcu-

© 2011 Blackwell Publishing Ltd
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lated the minimum coverage for which the probability
of obtaining at least two copies of each allele would
exceed 0.95 using the software of Galan et al. (2010).
The 0.95 threshold was reached at the coverage of 39;
thus, we accepted 40 reads as the coverage sufficient for
genotyping of R1 amplicons.

Distinguishing true alleles from artefacts generated at
various stages of the analysis, and the determination of
sufficient (i.e. enabling identification of all alleles pres-
ent in an amplicon) coverage are required for reliable
genotyping. PCR may produce two kinds of artefacts:
point mutations (owing to DNA polymerase errors) and
chimeras—in vitro recombinants. Four hundred and
fifty-four sequencing produces additional errors: substi-
tutions and small indels (especially in homopolymer
runs, Babik et al. 2009b; Galan et al. 2010). Point muta-
tions introduced by PCR and/or sequencing reactions
are usually easy to detect: the artefacts differ just
slightly (e.g. one substitution) from the true alleles, and
substitutions are expected to occur approximately
randomly across the sequence, keeping probability of
multiple identical substitution errors low (Galan et al.
2010). Sequences with small indels are much more com-
mon (Margulies ef al. 2005; Huse et al. 2007) and are
nonrandomly distributed along the sequence. Therefore,
it may be challenging to distinguish them from true
alleles in noncoding sequences. In the case of coding
genes, such sequences may be simply discarded
because even if real, they can be considered loss-of-
function frameshifts. The most difficult artefacts to
address are PCR chimeras produced by in vitro recom-
bination between true alleles, as these are common arte-
facts of all existing methods of MHC genotyping
(Longeri et al. 2002; Lenz & Becker 2008; Galan et al.
2010) and may occur in a relatively high number of
reads. However, because chimeras always co-occur with
parental alleles, they should be easily identified by
examining all sequence variants present in an amplicon
(Zagalska-Neubauer et al. 2010).

Taking into account these considerations, we followed
procedures developed by Zagalska-Neubauer et al.
(2010) to filter out artefacts. In the first step, we excluded
all variants containing indels (mostly 1 or 2 bp) causing
frameshifts or present in just one copy at the level of the
full data set. In the second step, considering all R1
amplicons with sufficient coverage, we calculated the
maximum per-amplicon frequency (MPAF) of each
sequence variant and sorted the variants according to
their MPAF. Then, for each variant with a MPAF of at
least 3%, we checked whether it could be explained as
an artefact (derived by 1-bp substitution or recombina-
tion from other, more abundant, variants present in the
amplicon). Nearly all variants with MPAF below 5%
could be explained in this way and were considered ar-

© 2011 Blackwell Publishing Ltd

tefacts, whereas all variants above 9% could not be
explained in this way and were therefore considered to
be putative true alleles. Both putative true alleles and ar-
tefacts were present in the MPAF range of 5-9% and
were considered on a per-individual basis. Thus, during
genotyping, for each amplicon meeting the minimum
coverage threshold, we recorded all putative true alleles
present in at least 9% of the amplicon’s reads. Of vari-
ants occurring in 5-9% of reads, which had sequences
identical to true alleles, we excluded these, which could
have been derived as recombinants or single base pair
substitutions from other, more abundant alleles detected
in the amplicon. This step was necessary because some
artefacts may have sequences identical to putative true
alleles and are thus indistinguishable by sequence alone.

The coverage for R2 amplicons was lower than for R1
amplicons (Table 2) because we expected only one or
two R2 alleles per individual. Indeed, the preliminary
screening of the 454 sequencing results suggested the
presence of up to two R2 alleles per amplicon. The min-
imum coverage for which the probability of obtaining
at least two copies of each allele would exceed 0.95 was
9; therefore, nine was used as the genotyping threshold.
Sequence variants were considered to be true alleles if
they were present in at least two copies in two indepen-
dent PCR and could have not been explained as arte-
facts derived from more abundant alleles present in the
amplicon. Singletons were considered true alleles if
present in at least three copies.

The standard in MHC studies is the two-PCR crite-
rion; to be confirmed, an allele must be obtained from
two independent PCRs to guard against PCR artefacts
(Babik et al. 2009b). The current study, however,
included multiple populations expected to differ in
their MHC allelic composition, and therefore, many true
alleles were probably observed only once. Thus, the
strict application of the two-PCR criterion would under-
estimate diversity. In contrast, the procedure we
applied to distinguish true alleles from artefacts
accounted for the known sources of artefacts; the
problem of mosaic sequences, created by bacterial
repair of heteroduplexes during traditional cloning
(Longeri et al. 2002), does not apply to 454 sequencing.
We are therefore convinced that alleles detected only
once (in a single amplicon, singletons) were, in most

Table 2 Statistics of 454 Titanium runs

Pools R1 R2

Total number of reads 129 781 13 046
Variants with only one read 25 659 2413
Erroneous tags 809 103
Average per amplicon coverage 88.31 23.66
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cases, true alleles. Nevertheless, to evaluate the effect of
singletons, we created two data sets, one including and
one excluding singletons (subsequently called data set
plusS and data set minusS, respectively), and per-
formed all analyses on both data sets. The results were
qualitatively identical and quantitatively very similar;
therefore, we only present results for data set plusS in
the main text (results for data set minusS are available
in Supporting information).

To assess the rate of genotyping error, we obtained
replicate (amplified and sequenced independently in
separate 454 pools) genotypes of R1 alleles for 77 individ-
uals. Based on consensus genotypes (comparing geno-
types of the same individuals obtained from different
PCRs), we calculated the fraction of alleles that were not
identified in one replicate (the actual genotyping error
rate). To compare this actual error rate to the theoretical
expectation, we also computed, from the multinomial
distribution, the probability of not detecting a particular
allele (obtaining 0 reads) when genotyping individuals
possessing the specified total number of alleles.

Microsatellite analysis

Six microsatellite loci were used to estimate the amount
of neutral genetic variation in populations. Four loci
were previously described (Tv3CA9, Johanet et al. 2009;
Lm_521, Lm_749, Lm_870, Nadachowska et al. 2010),
and two loci were mined from 454 transcriptome
sequences (Lm_346, Lm_AHNC3). Five loci was ampli-
fied in two multiplexes (MPX1: Lm_521 (forward primer
FAM labelled), Lm_AHNC3 (NED); MPX2: Tv3CA9
(HEX), Lm_749 (PET), Lm_870 (NED)), and locus
Lm_346 was amplified separately. Multiplex reactions
were performed in 8 uL and contained 4 pL of Multiplex
PCR Master Mix (Qiagen), 0.2-0.4 uMm of each primer and
30-100 ng of genomic DNA. The following cycling
scheme was used: 95 °C/15 min, followed by 30 cycles
of 30 s/94 °C, 90 s/54 °C (MPX1) or 56 °C (MPX2) and
90 s/72 °C and a final extension step of 10 min at 72 °C.
Locus Lm_346 was amplified in 5 pL PCR containing
2.5 uL of Multiplex PCR Master Mix and 0.2 um of each
primer. The following cycling scheme was used:
95 °C/15 min, followed by 35 cycles of 30 s/94 °C,
90 s/56 °C and 90s/72 °C and a final extension of
10 min at 72 °C. The PCR products were electrophoresed
on an ABI 3130x] with GeneScan 500 LIZ size standard,
and GeneMapper was used for genotyping.

Statistical, population genetics and phylogenetic
analysis

Allelic richness, i.e. the per-population number of MHC
class II alleles corrected for sample size, was estimated

for all population samples with N >11 (30 populations
in total) through randomization tests in PopTools
(Hood 2010). We chose this method because assigning
alleles to loci was not possible, so no standard popula-
tion genetic packages could be used for computations.

DT-ModSel (Minin et al. 2003) was used to select the
model of sequence evolution. Relationships among all
L. vulgaris and L. montandoni MHC class II alleles were
reconstructed using the neighbour-joining method
under the Tamura-Nei model of sequence evolution.
We used A. tigrinum sequence (GenBank DQ125478) as
out-group, and the robustness of the tree was assessed
with 1000 bootstrap replicates. To place the
L. vulgaris/L. montandoni MHC variation in the broader
context of other newts, we chose 22 L. vulgaris/L. mon-
tandoni alleles representing the entire spectrum of
sequence diversity and reconstructed relationships
among them and alleles from other newt species: T. cri-
status (four alleles from main clades, including one
pseudogene sequence, Babik et al. 2009a) and M. alpes-
tris (four alleles from main clades, including one pseud-
ogene sequence, Babik et al. 2008). This tree was
reconstructed using A. tigrinum allele as an out-group
under the Bayesian approach with MrBayes 3.1 (Ron-
quist & Huelsenbeck 2003) under the general time
reversible model of sequence evolution with rate varia-
tion (GTR + I'). Priors were set to default values. We
ran two independent Metropolis-coupled Markov chain
Monte Carlo analyses with three heated chains
(T =0.20), sampled every 10° generations and per-
formed the simulation for 2 x 10° generations, which
was sufficient for achieving convergence as evidenced
by the average standard deviation of split frequencies.
Log-likelihood values were plotted against generation
time, which ensured that no trees were retained prior
to the run reaching stationarity and the first 500 trees
were discarded as burn-in. To calculate the posterior
probability (PP) of each bipartition, the majority-rule
consensus tree was computed from the 3000 sampled
trees.

We tested for signatures of positive selection in MHC
class II sequences with one-tailed Z-test in MEGA 4 (Tam-
ura et al. 2007) and by comparing the likelihoods of
codon-based models of sequence evolution in pamL 4
(Yang 2007). The Z-test was performed for all codons,
ABS codons and non-ABS codons. The putative loca-
tions of ABS codons were taken from (Tong et al. 2006).
In the codon-based approached, we evaluated three
models: MO, one dN/dS ratio; M7, nearly neutral model
(dN/dS<1) with beta distribution approximating
dN/dS variation; M8, positive selection, model with a
proportion of sites evolving with dN/dS > 1. The best
fitting model was chosen by Akaike information crite-
rion (AIC), and codons under positive natural selection

© 2011 Blackwell Publishing Ltd
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were identified through Bayes empirical Bayes proce-
dure (BEB, Yang ef al. 2005).

We checked for signatures of recombination using
two methods GeNeConv (Padidam ef al. 1999) and
MaxChi2 (Smith 1992), both implemented in rpDP 3
(Martin et al. 2010). The methods were shown to per-
form very well in an assessment of 14 recombination
detection methods (Posada 2002). Because of high num-
ber of putative alleles in both of our data sets, recombi-
nation tests using all sequences would be extremely
conservative owing to repetitive statistical testing and
correction for multiple tests. Therefore, we tested smal-
ler data sets: the representative L. vulgaris and
L. montandoni sequences used to reconstruct phyloge-
netic relationships of MHC class II among four newts
species and 20 subsets of 25 randomly chosen
sequences (10 of them were sampled from plusS and 10
from minusS data set). We applied Bonferroni correc-
tion for multiple tests.

To assess genetic structure of L. vulgaris and L. mon-
tandoni populations in MHC class II, we applied several
approaches using binary-encoded data, with each allele
considered a separate dominant locus, and its pres-
ence/absence coded 1/0 (all analyses were performed
on both data sets, plusS and minusS). First, analysis of
molecular variance (aMova) was used to partition MHC
variation into hierarchical levels. Computations were
performed in Arlequin (Excoffier et al. 2005). Signifi-
cance of AMOvVA components were tested with 10 000
permutations. Second, also with Arlequin, we calculated
Fsr between all pairs of populations and tested their
statistical significance with 10 000 permutations; multi-
dimensional scaling (MDS) was used for the visualiza-
tion of the Fgr matrix. Third, to determine the most
likely number of MHC genetic clusters present in the
studied newts, we used an individual-based Bayesian
clustering method implemented in sTRUCTURE 2.3.3 (Prit-
chard et al. 2000; Falush et al. 2007; Hubisz et al. 2009).
Structure uses multilocus genotype data to cluster indi-
viduals, usually not taking into account the population
of origin, into K genetic clusters, each characterized by
a set of allele frequencies. The individuals are probabi-
listically assigned to clusters in such a way that the
deviations from Hardy-Weinberg and linkage equilib-
rium are minimized. The method has been modified to
deal with dominant markers like AFLP (Falush et al.
2007). We ran the program under a model with corre-
lated allele frequency and allowed admixture. We
examined K values from 1 to 13. For each K value, we
performed five runs of 4 x 10° burn-in steps followed
by 4 x 10° postburn MCMC iterations. To infer most
likely number of clusters in the data, we calculated AK,
a measure of second-order rate of change in the likeli-
hood of K (Evanno et al. 2005).

© 2011 Blackwell Publishing Ltd

For microsatellites, pairwise Fsr between populations
were computed from allele frequencies adjusted for the
presence of null alleles using the ENA correction in
FreeNA (Chapuis & Estoup 2007), and MDS was used
for the visualization of the Fgr matrix. Microsatellite
allelic richness for each locus and population was calcu-
lated in ADpzE (Szpiech et al. 2008). Because the presence
of null alleles was inferred for multiple loci and popula-
tions, we applied the following procedure to minimize
the effect of null alleles on the estimates of microsatel-
lite allelic richness. We estimated frequencies of null
alleles (Pnull) with the EM algorithm in FreeNA
(Chapuis & Estoup 2007) and divided allelic richness
estimates by 1—Pnull. Null allele-corrected estimates of
allelic richness are reported throughout the article. The
procedure assumes that the distribution of allele fre-
quencies for alleles collectively labelled mull” is the
same as for observed alleles, which seems reasonable
(Chapuis & Estoup 2007). The correlation between
MHC class 1II allelic richness and microsatellite variation
(mean allelic richness) was estimated for three data sets,
which was necessary because some microsatellite loci
did not amplify in all populations. The first data set
included all six loci and 24 populations (further on
called six loci data set), the second excluded locus
Lm_521 and consisted of 27 populations (Seli [3], Kent-
riko [5] and Benkovac [13] excluded, minus Lm 521
data set) and the third one excluded locus Lm_AHNC3
and also comprised 27 populations (Karagol [1], Subasi
[2] and Salakovac [18] excluded, minus Lm_ AHNC3
data set). The six loci data set was analysed in Structure
under the admixture model with correlated allele fre-
quencies. For direct comparison of clustering based on
MHC and microsatellites, we also ran Structure on
trimmed MHC data including only the populations
present in microsatellite data set (24 populations).

Results

MHC II genotyping

Statistics regarding the number of reads and individual
coverages are provided in Table 2. The coverage thresh-
old of 40 reads suitable for genotyping of R1 amplicons
was achieved for 526 individuals. The average coverage
for genotyped individuals was 117 (SD = 88).

Replicate genotypes, for which both replicates
achieved the coverage threshold, were obtained for 30
individuals. Replicated individuals had a total of 87
alleles (sum of individual counts), of which five were
detected in only one of the individual’s replicates, set-
ting the genotyping error at 5.7%. Discrepancies were
found for individuals with 3 or 4 alleles; thus, from the
multinomial distribution, we estimated probabilities of
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obtaining 0 reads of a single allele for 3- and 4-allele
genotypes. Both probabilities were <107, Therefore, the
substantial difference between the probability of not
detecting alleles during genotyping and the actual
genotyping error may indicate unequal amplification of
some alleles and/or the duplication of some loci.

MHC II diversity

Two data sets, one including singletons (alleles detected
in only one individual) and the other excluding them
(subsequently referred to as plusS and minusS, respec-
tively), were analysed. Because the results of all analy-
ses were concordant for both data sets, we present here
only the plusS data set; results for the minusS can be
found in  Supporting information  (Figs S2-S5,
Tables S2-S6, Supporting information). We found 299
MHC 1II exon 2 alleles in the plusS data set, 237
occurred in L. vulgaris and 101 in L. montandoni. The
number of alleles per individual ranged from one to six
(median = 3), indicating the presence of a minimum of
three MHC loci and suggesting variation among haplo-
types in the number of loci (Fig. S5, Supporting infor-
mation). There were no alleles present in all or most
individuals, which would be expected if monomorphic
or only slightly polymorphic loci were present. There
were single-codon deletions in 28 alleles (Appendix S2,
Supporting information). To test whether the obtained
number of alleles per individual was affected by
sequencing depth, we checked the correlation between
number of alleles and amplicon coverage. The correla-
tion was not significant (#** = 0.0006, P = 0.571), indicat-
ing coverage sufficient for reliable genotyping.

The majority of alleles were amplified by
Fusion MHCvul_F/Fusion MHCvul_R1 primer pair
(268, R1 alleles). Only 28 alleles (9% of all, R2 alleles)
were amplified exclusively with Fusion MHC-
vul_F—Fusion MHCvul_R2 primer combination. Fifty
R1 alleles were amplified by both sets of primers, con-
stituting additional evidence for their classification as
true alleles. R2 alleles were present in 38% of individu-
als; most of them (80%) had only a single R2 allele,
while others had two alleles. Of 38 individuals with
two R2 alleles, 12 were from the Benkovac [13] popula-
tion. We found 198 unique alleles in the minusS data
set: 161 in L. vulgaris and 76 in L. montandoni. Despite
the small number of MHC II loci, assignment of alleles
to loci was not possible, as phylogenetic analysis (see
below) did not reveal well-supported clades (Fig. 2).

Expression pattern

For five individuals, we amplified and sequenced MHC
alleles from both cDNA and genomic DNA. Three had

coverage sufficient for genotyping (Table S7, Support-
ing information). We combined the data with informa-
tion on preliminary expression pattern obtained from
previous experiments conducted on L. vulgaris and
L. montandoni cDNA (W. Babik, unpublished) and iden-
tified 10 expressed (Limv-DNB*004, Limv-DNB*007,
Limv-DNB*008, Limv-DNB*046, Limv-DNB*056, Limv-
DNB*073, Limv-DNB*124, Limv-DNB*132, Limv-DNB*140
and Limv-DNB*197) and three nonexpressed alleles
(Limv-DNB*001, Limv-DNB*019 and Limv-DNB*068).
Expressed alleles did not form a distinct group on a
phylogenetic tree; in some cases, the expressed and
nonexpressed alleles had very similar sequences
(Fig. 2). Thus, distinguishing functional from nonfunc-
tional MHC 1I alleles was not possible with the limited
c¢DNA information available.

Signatures of natural selection and recombination

The average rates of nonsynonymous substitutions per
nonsynonymous site and synonymous substitutions per
synonymous site are provided in Table 3. The overall
nucleotide divergence in the ABS was 5.6 times higher
than in non-ABS sites. The dN/dS ratio was signifi-
cantly elevated at ABS (one-tailed test, Z =2.232,
P = 0.014), indicating the role of historical positive nat-
ural selection in shaping MHC sequence variation.
Interestingly, the dN value was very high (0.7), sug-
gesting a saturation of nonsynonymous sites. In codon-
based tests of natural selection, the M8 model of codon
evolution, which assumes that a fraction of sites is
under positive selection, produced a much better fit to
the data than remaining models (Table 4). The Bayes
empirical Bayes procedure identified two ABS codons
evolving under positive selection: 8 and 66 (both
PPs > 99%).

Recombination tests detected from 0 to 3 recombina-
tion events in all analysed data subsets. At least one
recombination event was observed in 20 of 42 tests,
suggesting that recombination occurs frequently in the
2nd exon of MHC II in the studied species.

Relationships between newt MHC class 1l sequences

Phylogenetic analysis of representative MHC 1II alleles
from four newt species (L. vulgaris, L. montandoni,
M. alpestris and T. cristatus) showed that some
L. montandoni and L. vulgaris alleles are more similar to
M. alpestris or T. cristatus alleles than to alleles identified
in their own species; this is a signature of trans-species
polymorphism commonly observed in MHC genes
(Fig. 3). Two alleles were highly similar to T. cristatus
(Limv-DNB*040) and M. alpestris (Limv-DNB*134) pseud-
ogenes.

© 2011 Blackwell Publishing Ltd
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Table 3 The average rates of nonsynonymous substitutions
per nonsynonymous site (dN) and synonymous substitutions
per synonymous sites (dS) with standard errors obtained
through 1000 bootstrap replicates in parentheses, and the
results of the Z-test of neutrality

Sites dN (SE) ds (SE) z P

ABS 0.70 (0.119) 0.34 (0.100) 2232 0.014*
Non-ABS 0.13 (0.023) 0.15 (0.003) —-0.560 1.000
All 0.19 (0.029) 0.16 (0.034) 0.573 0.284

ABS, antigen-binding sites.
*P < 0.05.

© 2011 Blackwell Publishing Ltd

Fig. 2 The neighbour-joining tree
showing relationships of Lissotriton vul-
garis and Lissotriton montandoni major
histocompatibility ~complex class I
alleles. Alleles of L. montandoni are
shown in blue and shared alleles in
orange. Red dots—alleles with con-
firmed expression and green dots—non-
expressed alleles. Bootstrap values
270% are indicated by asterisks. The
tree was rooted with an Ambystoma tigr-
% inum sequence.

Table 4 Evaluation of the goodness of fit for different models
of codon evolution and estimated parameter values

Model InL A AIC Parameters

MO -8882.8 13959 ® =0.307

M7 -8191.2 14.6

M8 -8181.9 Best po = 0.952, p; = 0.048, ®, = 1.549

®, dN/dS; nearly neutral with beta, for all sites ® <1 and the
beta distribution approximates o variation; positive selection, a
proportion of sites evolves with > 1; p,, proportion of sites
with o < 1; py, proportion of positively selected sites (o > 1);
o1, estimated value of  for sites under positive selection.
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Amti-DAB*0101 Fig. 3 The Bayesian phylogenetic tree
Limv-DNB*089 of 22 representative alleles of Lissotriton
1.00 Limv-DNB*114 montandoni and Lissotriton vulgaris (grey)
Limv-DNB*032 and major histocompatibility complex
Limv-DNB*116 class II allgles from‘other newt species
Limv-DNB*112 (black): Trzturus c.rlstutu? (four alleles
. N from main clades, including one pseud-
1.00 Limv-DNB"200 ogene sequence) and Mesotriton alpestris
Meal-DBB*01 (four alleles from main clades, including
Limv-DNB*069 one pseudogene sequence). The tree
Limv-DNB*121 was rooted using Ambystoma tigrinum
Limv-DNB*004 sequence. Posterior probabilities >95%
Trcr-ps*18 are shown above branches.
0.99 Limv-DNB*134
Meal-psi*03
Trcr-DAB*03
Meal-DAB*10
0.97 Trcr-DAB*22
Trcr-DAB*17
Limv-DNB*060
Limv-DNB*157
Limv-DNB*007
0.97 Limv-DNB*001
Limv-DNB*140
1.00 Limv-DNB*086
0.97 Limv-DNB*202
Limv-DNB*008
1.00 Limv-DNB*097
0.99 Limv-DNB*046
0.8 Limv-DNB*072
Limv-DNB*003
o Meal-DAB*30

MHC II variation within populations

The number of alleles, allelic richness and the number
of private alleles for each population are provided in
Table 5. The correlation between allelic richness and
the average per individual coverage in populations was
not significant (r* = 0.0026, P =0.788). Thus, the esti-
mates of allelic richness were not affected by the differ-
ences in coverage among populations. Overall, we
found high MHC variation within populations, but dif-
ferences between populations were also substantial.
Considering both species together, allelic richness was
highest in L. vulgaris population Sighisoara [23] (25.1)
and lowest in L. vulgaris population Bataszek [24] (7.1,
Table 5, Fig. 4). Lissotriton montandoni showed higher
allelic richness than L. vulgaris (Mann-Whitney test,
excluding isolated L. montandoni Jeseniki [34] popula-
tion—P < 0.05, including Jeseniki—P = 0.095). However,
both species showed a similar allelic richness in Roma-
nia and adjacent Ukraine, where several populations of
each species were sampled: 19.7 for L. montandoni and

20.1 for L. vulgaris (P =0.323, Mann-Whitney test).
Among L. montandoni populations, Dzembronia [30]
from the Ukrainian Carpathians had the highest varia-
tion (R = 23.0, Table 5, Fig. 4). Other populations from
the Carpathian Mountains also showed high allelic rich-
ness. The isolated population from the Jeseniki Moun-
tains [34] in the eastern Sudetes showed the lowest
diversity in L. montandoni (R = 9.2). The highest allelic
richness in L. vulgaris was detected in populations from
Romania as well as northern and central Serbia (for
most of them R >20). Less diverse populations
(7 < R < 10) inhabit the southern part of the species dis-
tribution (Greece, Turkey, Montenegro, Croatia). Com-
paring both L. vulgaris groups (southern and northern),
significantly higher allelic richness was observed in the
north (Mann-Whitney test, P = 0.002). The number of
private alleles in particular populations ranged from 0
to 16 (Table 5, Fig. 4), and the average proportion of
private alleles was higher in L. vulgaris (0.345) than in
L. montandoni (0.172) populations (Mann-Whitney test
P =0.044).

© 2011 Blackwell Publishing Ltd
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Table 5 Summary of MHC class II and microsatellite variation in populations

No. Population Country N Species Group Na R Nap Reioci Rminus tm 521 Rminus 1m anNes
1 Karagol Turkey 19 Lvsch ~ vulS 12 99 11 - - 4
2 Subasi Turkey 15 Lvsch ~ wvulS 10 94 6 - - 4.7
3 Seli Greece 13 Lvg vulS 8§ 75 4 - 3 -
4 Demirbey Turkey 14 Lok vulS 12 107 9 55 438 6.2
5  Kentriko Greece 12 Lovg vulS 9 88 2 - 39 -
6  Bakuriani Georgia 5 Lol 2 2 - - -
7 Donji Stoj Montenegro 15 Log vulS 14 129 4 57 5 6.3
8  Kostanjica Montenegro 20 Lvg vulS 10 85 3 37 35 3.9
9  Tivat Montenegro 16 Log vulS 10 86 1 3.3 3.5 3.5
10  Alexandrowo Bulgaria 9 Lvo vulN 10 3 - - -
11 Vlasi Serbia 17 Lovo vulN 11 10 1 52 4.4 55
12 Gornja Sabanta Serbia 18 Lov vulN 29 22 16 73 69 8
13 Benkovac Croatia 18 Lovv vulS 13 99 1 - 3.3
14 Donji Zemunik Croatia 8 Lov vulS 3 0o - - -
15  Goryachiy Klyuch Russia 1/0 Lol 4 4 - - -
16 Glusci Serbia 20 Lovo vulN 34 226 15 7.3 7.1 7.9
17 Plopu Romania 17 Lvv vulN 29 225 11 59 5.5 6.5
18  Salakovac Croatia 14 Lom vulS 9 84 6 - - 6.5
19  Vilanesti Romania 19 Lvv vulN 26 182 11 6.2 5.8 6.8
20  Voina Romania 13 Lm vulN 18 167 1 3.9 3.5 3.7
21  Budeni Romania 15 Lovo vulN 14 129 2 4.4 4.2 49
22 Pasul Musat Romania 18 Lm mon 20 167 0 52 4.6 5.6
23 Sighisoara Romania 13 Lva vulN 28 251 10 64 59 7.1
24  Bataszek Hungary 15 Lvv vulN 8§ 71 1 6.8 6.5 7.5
25  Carpinis Romania 22 Loa vulN 29 215 12 6.6 6 7.1
26  Zalahashagy Hungary 26/25 Lvv vulN 27 176 12 6.6 6.2 7.6
27  Secu Romania 11 Lm mon 21 21 2 49 4 54
28  Petru Voda Romania 20 Lm mon 27 195 3 49 4.4 53
29  Pasul Gutai Romania 13 Lm mon 23 212 10 6.4 5.6 7.2
30  Dzembronia Ukraine 21 Lm mon 35 23 14 5.1 4.5 5.6
31  Lipniky Slovakia 9 Lov vulN 8 1 - - -
32  Krempna Poland 13 Lm mon 22 201 6 4 3.5 4.3
33  Lopuszna Poland 17 Lm mon 16 139 0 4 3.6 4.2
34  Jeseniki Czech Republic 17 Lm mon 1 92 2 38 3.6 4.3
35 Radzyny Poland 14 Lovo vulN 12 101 1 54 45 6.1
Lissotriton montandoni 143 Lm 21 179 4
Lissotriton vulgaris 383/381 Lovv 15 135 6
Total number of alleles 299

MHC, major histocompatibility complex.

Sample size (N, if sample sizes differed for the plusS and minusS data sets, both are given separated by slash), number of alleles
(Na), allelic richness (R), number of private alleles (Nap), mean allelic richness for microsatellite loci in three data sets: six loci
(Retoc), minus_Lm_521 (Rpinus Lm 521) and minus_Lm_AHNC3 (Rpinus Lm arncs). The populations are assigned to Lissotriton
montandoni (mon), southern (vulS) and northern L. vulgaris group (vulN). Average values for all summary statistics for L. montandoni

and L. vulgaris are given in bold.

Structuring of MHC II variation among populations
and species

Two aspects of MHC class II structuring were worth
exploring: the distribution of variation between species
and the geographical structuring within species. The
species shared 39 alleles, significantly fewer than
expected from the random assignment of alleles to spe-
cies (randomization test, P < 0.001). The nonrandom
distribution of alleles between species also occurred in

© 2011 Blackwell Publishing Ltd

Romania and Ukraine, where multiple, geographically
adjacent populations of both species were sampled (ran-
domization test, P < 0.001). In contrast, almost all
L. montandoni individuals had one or more alleles
shared between species, indicating that some genetic
exchange between species may have occurred. To test
this hypothesis, it was useful to divide L. vulgaris popu-
lations into two groups: northern, which, due to geo-
graphical proximity, might have recently (e.g. since the
last glacial period) exchanged genes with L. montandoni,
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Fig. 4 Allelic richness and number of private alleles (dark blue, range 0-16) in populations of Lissotriton vulgaris (red, range 7.1-

25.1) and Lissotriton montandoni (light blue, range 9.2-23.0).

Table 6 The results of amovas, in which northern Lissotriton vulga

ris, southern L. vulgaris and Lissotriton montandoni were used as

the highest level of hierarchical grouping of populations, and two groups were analysed at a time

Source of variation

Among populations Within populations

Groups Among groups
Northern L. vulgaris and L. montandoni 0.89N°
Southern L. vulgaris and L. montandoni 4.61%*
Northern L. vulgaris and southern L. vulgaris 3.95%**

18.06%** 81.04%**
25.79%%* 69.60%**
29.26%** 66.79%**

Percentages of variation accounted for by the respective hierarchical

and southern, for which recent gene exchange with
L. montandoni is unlikely (Fig. 1). We found that a
higher fraction of alleles was shared between L. montan-
doni and northern L. vulgaris (39/172) than between
L. montandoni and southern L. vulgaris (3/75) (Fisher’s
exact test, P=2x10"". The average pairwise Fsr
between northern L. vulgaris and L. montandoni
(0.187 + (SE) 0.0080) was significantly lower than
between northern and southern L. vulgaris populations
(0.357 + 0.0088, randomization test, P < 0.001); it was
also lower than between southern L. vulgaris popula-
tions and L. montandoni (0.296 + 0.0073, P < 0.001).
These observations support the hypothesis of interspe-
cific MHC class II gene flow between L. vulgaris and
L. montandoni. Further support is provided by the
amovas (Table 6). When northern, southern L. vulgaris

levels are given. NS, not significant; ***P < 0.001.

and L. montandoni were used as the highest level of
hierarchical grouping of populations, with two groups
of populations analysed at a time, the between-group
component was not significant (P = 0.07) in amova for
northern L. vulgaris and L. montandoni, but it was
highly significant for southern L. vulgaris and L. mon-
tandoni (4.61% of variation explained, P < 0.001) and for
northern and southern L. vulgaris (3.95%, P < 0.001) Am-
OVAS.

Structure analysis revealed ten clusters, with geograph-
ical distributions not corresponding to these of either sub-
species or species (Fig. 5). Mixed ancestry was inferred
for individuals in many L. montandoni and northern
L. vulgaris populations. In contrast, most populations
from the southern part of L. vulgaris were homogeneous,
i.e. individuals were classified to a single cluster only.

© 2011 Blackwell Publishing Ltd
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Fig. 5 Genetic structure of Lissotriton vulgaris and Lissotriton montandoni populations in major histocompatibility complex II inferred
by Structure analysis for K = 10. Assignment of populations to particular clusters is shown on the map. The circles, squares and tri-
angles correspond to northern L. vulgaris, southern L. vulgaris and L. montandoni populations, respectively.

Interestingly, L. montandoni populations often exhibited
substantial admixture from genetic clusters found pre-
dominantly in L. vulgaris, whereas the opposite has not
been observed (Fig. 5). Such pattern suggests unidirec-
tional MHC gene flow from L. vulgaris to L. montandoni.

Pairwise Fsr showed a pattern of interpopulation dif-
ferentiation consistent with Structure analysis (Table S8,
Supporting information). Fsr ranged from 0.04 (Donji
Stoj [7]—Kostanjica [8]) to 0.78 (Bakuriani [6]—Doniji
Zemunik [14]). The most divergent populations were
found in southern Europe, as evident from a MDS of
the pairwise Fsr matrix (Fig. 6A).

Microsatellite variation and comparison of MHC
and neutral variation

The total number of distinct alleles at microsatellite loci
ranged from 11 (Lm_AHNCS3) to 180 (Lm_521). Microsat-

© 2011 Blackwell Publishing Ltd

ellite allelic richness for each population is provided in
Table 5, and the number of alleles per locus and the esti-
mated frequency of null alleles (Pnull) are in Table S9
(Supporting information). The pattern of higher allelic
richness in L. vulgaris held for all data sets, but signifi-
cance was reached only in the six loci data set (Mann—
Whitney test, P = 0.0136) compared to the minus Lm_521
(P =0.0708) and minus Lm_AHNC3 (P = 0.0694) data
sets. We observed a significant but moderate correlation
between population-level allelic richness in MHC and
microsatellites (six loci data set: r*=0.21, P = 0.023;
minus Lm_521 data set: > =0.26, P = 0.006; minus
Lm_AHNCS3 data set: 7 = 0.20, P = 0.021). After the cor-
rection for multiple tests, only the correlation for the
minus Lm_521 data set remained significant (P < 0.02).
The average pairwise Fsr between northern L. vulgaris
and L. montandoni (0.160 = 0.0051) was not significantly
different than that between northern and southern
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Fig. 6 Nonmetric two-dimensional scaling of the pairwise Fgr
matrix computed for binary-encoded major histocompatibility
complex class II data, stress 0.233 (A) and for microsatellites
(six loci data set, 24 populations), stress 0.145 (B). The names
of populations corresponding to numbers are given in
Tables 5 and S1, Supporting information. The circles, squares
and triangles correspond to northern Lissotriton wvulgaris,
southern L. vulgaris and Lissotriton montandoni populations,
respectively.

L. vulgaris populations (0.200 + 0.0095, randomization
test, P = 0.193) but was significantly lower than between
southern L. vulgaris and L. montandoni (0.276 + 0.0116,
randomization test, P < 0.001). Qualitatively identical
results were obtained with microsatellites encoded as
binary data, which facilitates direct comparison with bin-
ary-encoded MHC (data not shown).

Structure analysis performed for microsatellites in the
six loci data set (24 populations) revealed little admix-
ture between L. montandoni and L. vulgaris, contrary to
the pattern observed in MHC (Fig. 7). Also, MDS of the
pairwise Fsr matrix confirmed distinctiveness of
L. montandoni
(Fig. 6B).

from L. vulgaris in microsatellites

Discussion

Our study is a rare example of research assessing MHC
variation across multiple populations of closely related
species and of both recent and ancient divergence, dis-
tributed over a large geographical area. This design
takes into account the geographical and temporal
aspects of MHC variation, provides information about
the actual species-wide extent of MHC variation and
complements more localized studies that typically
investigate evolutionary mechanisms shaping MHC var-
iation at the microscale and/or document associations
between MHC variation and pathogens (reviewed in
Bernatchez & Landry 2003; Sommer 2005; Piertney &
Oliver 2006). In addition, the study demonstrates the
utility of high-throughput sequencing not only for com-
plex, multilocus systems with a large number of alleles
per individual, as has already been shown (Kloch et al.
2010; Zagalska-Neubauer et al. 2010), but also for sys-
tems with more limited within-individual diversity but
with large population-scale variation. The most attrac-
tive aspect of using the high-throughput sequencing
here is the combination of genotyping and characteriza-
tion of new alleles in a single step, which saves time
and effort. Below, we discuss the organization of MHC
class II genes, the variation within and between species
and the evolutionary factors that may have contributed
to the observed genetic and geographical patterns.

The organization of MHC II in L. vulgaris and
L. montandoni shares important similarities with other
newts investigated so far, the Alpine and great crested
(Babik et al. 2008, 2009a), yet it also exhibits remarkable
differences. All newt species have multiple MHC class
IT loci, some of which have undergone pseudogeniza-
tion. The presence of MHC II pseudogenes is a univer-
sal feature of MHC class II in vertebrates and is
believed to result from frequent duplications followed
by a subsequent divergence and loss of function (Nei &
Rooney 2005). Despite limited within-individual varia-
tion and, consequently, few loci, distinguishing func-
tional alleles from pseudogenes proved much more
difficult in L. vulgaris and L. montandoni than in other
newt species. Likewise, assignment of alleles to particu-
lar loci was not possible. These difficulties resulted
from: the lack of signatures of pseudogenization in
MHC sequences (e.g. stop codons or substitutions in
conserved amino acid positions), the lack of clustering
of expressed or nonexpresed alleles in the phylogenetic
tree and, in some cases, a high sequence similarity of
expressed and nonexpressed alleles. Whereas assign-
ment of alleles to loci may sometimes be achieved by
examining intron sequences (Ono et al. 1993; Canal
et al. 2010), obtaining the complete picture of MHC II
expression pattern in Lissotriton newts would be much

© 2011 Blackwell Publishing Ltd
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Fig. 7 Comparison of genetic structure of Lissotriton vulgaris and Lissotriton montandoni populations in major histocompatibility com-
plex (MHC) II and microsatellites inferred by Structure analysis for K = 8 (MHC) and K = 9 (microsatellites). The names of popula-
tions corresponding to numbers are given in Tables 5 and S1, Supporting information. The circles, squares and triangles correspond
to northern L. vulgaris, southern L. vulgaris and L. montandoni populations, respectively.

more challenging. It could be argued that examining a
larger sample of cDNA amplicons may help clarify the
expression pattern, but the majority of individuals
would need to be screened, which is not possible
because of conservation concerns. Moreover, if certain
alleles are expressed on some haplotypes but not on
others, determining the MHC class II expression pattern
would presumably require examination of cDNA from
all individuals (or at least all genotypes). Finally, we
cannot exclude the possibility that some alleles we con-
sider nonexpressed are actually derived from nonclassi-
cal MHC genes, expressed at low level or only in
certain tissues.

The observed range of the number of alleles per indi-
vidual indicates either differences among MHC haplo-
types in the number of loci or the presence of identical
alleles in more than one locus. Both are common fea-
tures of MHC architecture and result from its extraordi-
nary dynamics: frequent duplications and
recombination between loci (e.g. Bowen et al. 2004; Ellis
et al. 2005; Otting et al. 2005; Bontrop 2006). The lack of
alleles or clusters of similar alleles present in most indi-
viduals indicates that all loci in Lissotriton newts are at
least moderately polymorphic. This is in contrast to the
alpine newt, in which one of the loci displayed a very
low variation and probably represents nonclassical
MHC 1I (Babik et al. 2008).

Both species exhibited substantial MHC variation
over their distribution area. Diversity was manifested
by a large overall number of alleles and generally
high within-population variation. MHC allelic rich-
ness differed substantially between L. vulgaris and
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L. montandoni and over the geographical range of
L. vulgaris. Almost all populations of L. montandoni had
high allelic richness, which appears surprising at first
sight. In the light of the limited distribution and glacial
history (apparently small refugia in the Carpathians),
we would expect lower MHC variation in this species
compared to L. vulgaris, as observed in microsatellites.
In general, substantial interspecific differences in MHC
variation may be an effect of dissimilar selective pres-
sures stemming from general ecological differences
between the two species. Such differences were
described for several species (e.g. Ekblom et al. 2007;
Matthews et al. 2010; Eizaguirre et al. 2011). However,
because MHC 1I allelic richness was similar for both
species in Romania, it appears that differences in
within-population variation, rather than being a spe-
cies-specific feature, may reflect the diverse histories of
L. vulgaris populations in various geographical regions.
A high diversity of mtDNA was observed in L. montan-
doni as a consequence of well-documented introgression
from several L. vulgaris mtDNA lineages (Babik et al.
2005a). Our analyses indicate that high MHC II varia-
tion observed in the Carpathian region in both species
and in central Europe and northern Balkans in L. vulga-
ris may also result from interspecific hybridization and
gene flow between the two species. We found that
L. vulgaris in the northern, but not in the southern part
of the range, shares many alleles with L. montandoni. If
identical alleles were retained across the speciation
event (trans-species polymorphism), we would not
expect the number of shared alleles to be associated
with an opportunity for hybridization. Even more
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strikingly, the average pairwise Fsr between northern
L. vulgaris and L. montandoni was significantly lower
than between northern and southern L. vulgaris popu-
lations for MHC, and the between-group component
of variation was not significant for the AmMova compris-
ing northern L. vulgaris and L. montandoni. Unequivo-
cal distinguishing between uni- (as observed for
mtDNA) and bi-directional MHC introgression is diffi-
cult with the available data; however, the Structure
analyses suggest that most interspecific MHC gene
flow has occurred from L. vulgaris to L. montandoni.
The directionality of MHC introgression could be
tested directly in the fine-scale genetic analysis of
hybrid zones. Apart from hybridization, similar selec-
tive pressures acting on MHC in both species in the
northern region might increase the probability that
alleles are shared among species owing to regional
retention of ancestral polymorphism. However, given
multiple  ecological and behavioural differences
between the species (Babik et al. 2003, 2005a and ref-
erences therein), we consider this explanation unlikely.

Major histocompatibility complex alleles, if advanta-
geous through, for example, the mechanism of negative
frequency-dependent selection (Snell 1968; Borghans
et al. 2004), would introgress much more quickly than
neutral variation (Schierup et al. 2000; Barton 2001; Mu-
irhead 2001). Indeed, the pattern of variation between
regions for the microsatellites differed from that of
MHC, with average pairwise Fst between northern
L. vulgaris and L. montandoni of similar magnitude and
not significantly different from that between northern
and southern L. vulgaris populations for MHC.

The evidence for more extensive (although not free)
MHC gene flow among populations in the north in gen-
eral (intra- and interspecific) was provided by Structure
analysis and MDS of the Fsr. Mixed ancestry was com-
monly inferred for individuals from populations in
question, and the overall genetic differentiation among
populations, although mostly significant, was moderate.

In contrast to the northern Balkans and central Eur-
ope, populations inhabiting the southern fringe of the
L. vulgaris distribution exhibited lower MHC class II
variation, which, in principle, may have been caused by
the long-term isolation of these groups and the loss of
variation through drift. The region is inhabited by mul-
tiple morphologically distinct subspecies of L. vulgaris,
and several old, divergent mtDNA lineages with local-
ized distributions have been described in this area
(Babik et al. 2005a). Relative isolation and distinctive-
ness of some of the southern groups have also been
suggested by MHC II analysis in Structure and MDS of
the Fsr matrix. On the other hand, Structure groups
agree poorly with the distribution of subspecies and
mtDNA lineages (Fig. 5; Babik et al. 2005a), and popu-

lations of L. vulgaris in at least some southern regions
have been large and historically stable as indicated by
our previous studies in Turkey (Nadachowska & Babik
2009). Thus, it is rather unlikely that the populations
have been subjected to prolonged and strong drift and
the evident signatures of positive selection emphasize
the importance of adaptive factors in shaping the pat-
terns of MHC variation in Lissotriton newts. The role of
demographic factors cannot be ruled out entirely, how-
ever, because of a significant correlation between allelic
richness in MHC and microsatellites. Either the effect of
drift, although present, is of a relatively minor impor-
tance or microsatellites are not very informative when
studying highly divergent populations, which increases
the risk of encountering null alleles (Chapuis & Estoup
2007), as was also evident in our study. Nevertheless,
we do believe that the adopted correction alleviated the
problem of null alleles, and the correlation between
MHC and microsatellite variation is indeed moderate.

In addition to differences in the extent of gene flow
or the apparently moderate effect of drift, other factors
may also contribute to the observed differences in MHC
IT variation over the geographical range of L. vulgaris.
Stronger genetic structure in the south may reflect the
existence of local adaptations as indicated by a rela-
tively high proportion of private alleles in many popu-
lations. Finally, we cannot exclude the possibility that
the genomic architecture of MHC class II may differ
among geographical regions, and in the southern, more
divergent populations of L. vulgaris haplotypes with a
lower number of loci occur in higher frequencies than
elsewhere. More extensive genomic data would be nec-
essary to test this hypothesis.

Regardless of the reason for the observed regional
differences in MHC variation, the geographical distribu-
tion of MHC II variation reflected the distribution of
newts’ glacial refugia identified previously by mtDNA
analysis (Babik et al. 2005a). Carpathians and the Car-
pathian Basin, which served as the main sources of
populations that recolonized northern areas after glacia-
tions (Jaarola & Searle 2002; Babik et al. 2004; Sommer
& Nadachowski 2006; Ursenbacher et al. 2006, Hofman
et al. 2007), displayed the highest variation of MHC
class 1II, and this pattern is consistent with high MHC
variation observed for the great crested newt in this
area (Babik et al. 2009a).

Conclusions

The large-scale, comprehensive analysis of MHC class II
variation in the closely related newts L. vulgaris and
L. montandoni revealed an extensive, geographically
structured polymorphism. Populations at the southern
margin of the L. vulgaris distribution, inhabited by old
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and distinct lineages, exhibited moderate MHC variation
and little gene flow or extensive local adaptation. The
most variable populations of L. vulgaris were found in
central Europe and the northern Balkans, areas also har-
bouring multiple, highly variable mtDNA lineages. Thus,
gene flow between genetically differentiated populations
may have contributed to the high MHC variation there.
Strikingly, L. montandoni, a species with limited geo-
graphical distribution, as it is confined to the Carpathian
Mountains, has high MHC variation. Our results indicate
that this substantial polymorphism may be attributed to
gene flow from the neighbouring populations of L. vulga-
ris, which are also highly variable. A moderate but signif-
icant correlation between the MHC and microsatellite
allelic richness indicates that demographic factors may
have, to some extent, contributed to the present-day pat-
tern of MHC variation. However, unequivocal signatures
of adaptive evolution in MHC class II sequences empha-
size the role of selection in the longer timescale.
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