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Abstract

Major histocompatibility complex (MHC) genes are essential in pathogen recognition and
triggering an adaptive immune response. Although they are the most polymorphic genes
in vertebrates, very little information on MHC variation and patterns of evolution are available
for amphibians, a group known to be declining rapidly worldwide. As infectious diseases
are invoked in the declines, information on MHC variation should contribute to devising
appropriate conservation strategies. In this study, we examined MHC variation in 149
Alpine newts (Mesotriton alpestris) from three allopatric population groups in Poland at
the northeastern margin of the distribution of this species. The genetic distinctiveness of
the population groups has previously been shown by studies of skin graft rejection, allozymes
and microsatellites. Two putative expressed MHC II loci with contrasting levels of variation
and clear evidence of gene conversion/recombination between them were detected. The
Meal-DAB locus is highly polymorphic (37 alleles), and shows evidence of historical positive
selection for amino acid replacements and substantial geographical differentiation in
allelic richness. On the contrary, the Meal-DBB locus exhibits low polymorphism (three
alleles differing by up to two synonymous substitutions) and a uniform distribution of
three alleles among geographical regions. The uniform frequencies of the presumptively
neutral Meal-DBB alleles may be explained by linkage to Meal-DAB. We found differences
in allelic richness in Meal-DAB between regions, consistent with the hypothesis that genetic
drift prevails with increasing distance from glacial refugia. Pseudogene loci appear to have
evolved neutrally. The level of DAB variation correlated with variation in microsatellite
loci, implying that selection and drift interplayed to produce the pattern of MHC variation
observed in marginal populations of the Alpine newt.
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Introduction

Proteins encoded by genes of the major histocompatibility
complex (MHC) play an essential role in the adaptive
immune response of vertebrates (Klein 1986). Class I and II
proteins are located on the cell surface and present antigens
of intra- and extracellular origin to lymphocytes, triggering
an adaptive immune response (Kumanovics et al. 2003).
MHC genes are the most polymorphic genes in vertebrates
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(Bernatchez & Landry 2003). An excess of nonsynonymous
substitutions, observed mainly in codons involved in antigen
binding (antigen binding sites, ABS), is a commonly observed
hallmark of positive selection acting on the MHC (Garrigan
& Hedrick 2003; Sommer 2005; Piertney & Oliver 2006).
Alleles are often very divergent, implying the retention of
allelic lineages by balancing selection (Takahata & Nei
1990), which results from negative frequency-dependence
(Snell 1968) or from overdominance (Doherty & Zinkernagel
1975). Whatever the exact mechanism, the adaptive signi-
ficance of MHC variation is obvious in many species and
there is clear evidence for an association between MHC
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genotype and susceptibility to disease (Briles et al. 1977;
Thursz et al. 1997; Langefors et al. 2001; Carrington & Bontrop
2002; Bonneaud et al. 2006). Therefore, it has been suggested
that loss of MHC variation may seriously jeopardize the
future prospects of species and populations and increase
the risk of extinction by facilitating the spread of infectious
diseases (O’Brien & Evermann 1988; Hughes 1991; Hedrick
2001; Siddle et al. 2007).

The role of selection in shaping patterns of MHC variation
is emphasized by reports of species possessing relatively
high MHC variability despite a lack of /low genetic variation
in other parts of the genome, an indication of the selective
retention of MHC variation (Aguilar et al. 2004; Jarvi et al.
2004). However, a link between the level of MHC variation
and the condition of populations or species has not been
convincingly demonstrated. There are examples of species
with very limited MHC variation showing demographic
and/or geographical expansion in the recent past but with
no apparent increase in susceptibility to pathogens (Ellegren
et al. 1993; Mikko et al. 1999; Babik et al. 2005). Moreover,
there are numerous examples of correlations between
levels of MHC and neutral variation, indicating that genetic
drift may strongly affect variation in MHC, at least on a
shorter evolutionary timescale (Hedrick et al. 2001; Landry
& Bernatchez 2001; Campos et al. 2006). It is thus possible
that relaxed selection on MHC related to rapid spatial
and demographic expansions following, e.g. major climatic
changes, as those observed in the temperate and boreal
regions during the Pleistocene, may have led to a decrease
in genetic variation as commonly observed for neutral
markers (Hewitt 1999; Babik et al. 2005).

Populations in areas of postglacial expansion are not
only of recent origin, but often occur at the margins of species’
ranges. Peripheral populations may be more prone to
extinction because of small population sizes and suboptimal
environmental conditions (Lesica & Allendorf 1995). Small
populations may also exhibit lower adaptive potential
because of environmental stress and genetic problems (Willi
et al. 2006). On the other hand, marginal populations may
contribute to the evolutionary potential of a species by
accumulating local adaptations to limiting environmental
conditions or locally abundant pathogens (Garcia-Ramos
& Kirkpatrick 1997). These may be particularly important
in the face of rapid climate change (Parmesan 2006). Local
adaptations acquired at the range margin may spread as
climatic conditions change and thus facilitate response to
climate change in other portions of the range. In this con-
text, studies of MHC and neutral variation in marginal
populations inhabiting previously glaciated areas are of
great interest, particularly in low-vagility poikilotherms
such as urodele amphibians.

Studies of MHC variation in amphibians are also motivated
due to the catastrophic decline of this group of vertebrates
(Stuart et al. 2004; Lips et al. 2006; Pounds et al. 2006).

Multiple, sometimes interrelated factors, such as habitat
fragmentation, environmental pollutants, UV-B radiation,
emerging infectious diseases, climate change or introduced
species are involved in this decline; however, the relative
importance of each of these factors may differ for various
taxonomic groups and geographical areas (Beebee & Griffiths
2005). There is a substantial body of evidence showing that
infectious diseases, particularly fungal chytridiomycosis,
possibly aggravated by climate change, are a major factor
contributing to declines in many areas (Berger et al. 1998;
Docherty et al. 2003; Garner et al. 2005; Lips et al. 2006;
Pounds et al. 2006; Morgan et al. 2007). Because of its role in
fighting pathogen assault, characterization of the patterns
of MHC variation in amphibians is an important and urgent
task. Conservation strategies for declining amphibians
would benefit from knowledge on the adaptive variation
in species, reflected in part by MHC allelic diversity.

MHC genetic architecture and variation is well character-
ized in teleost fishes, birds and mammals, but the remaining
groups of vertebrates have been poorly investigated
(Bernatchez & Landry 2003; Kelley et al. 2005; Piertney &
Oliver 2006). Among amphibians, the organization of the
MHC complex is known in Xenopus due to the ongoing
genome project (Ohta et al. 2006) and some data on variation
in MHC T is also available (Bos & Waldman 2006). MHC 11
variation has been studied in a discoglossid toad Bombina
bombina (Hauswaldt et al. 2007). In the Urodele amphibians,
information on MHC variation is available only for two
very closely related ambystomatid salamanders, the axolotl
(Ambystoma mexicanum) and tiger salamander (A. tigrinum;
Tournefier ef al. 1998; Sammut et al. 1999; Laurens et al. 2001;
Bos & DeWoody 2005; Richman et al. 2007). However, as
no urodelan MHC sequences outside the A. tigrinum/A.
mexicanum clade have been published or deposited in
GenBank, assessing general trends and patterns in MHC
variation in this ancient group of vertebrates has not
been possible.

The object of our study, the Alpine newt Mesotriton alpestris,
has an extensive and complex geographical distribution in
Europe (Fig. 1). This species also shows deep phylogeo-
graphical structure as revealed by mitochondrial DNA
(mtDNA; Sotiropoulos et al. 2007). Its geographical range
in Central Europe is interrupted by lowlands. In Poland,
the species reaches the northeastern limit of its distribution
and forms three allopatric groups of populations confined
to the Sudetes, Carpathians and Holy Cross Mountains,
separated by lowland hiatuses of at least 100 km (Fig. 1). It
is abundant in the western part of the Polish Carpathians,
but becomes rare towards the east (Gtowacinski & Rafifiski
2003). Previous studies of Polish Alpine newt populations
conducted with skin grafts approximately assessed the
variation in MHC I and suggested that these allopatric
groups are genetically differentiated (Rafifiski 1970, 1974).
Subsequent research involving allozymes (Pabijan et al.
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2005) as well as microsatellites and mtDNA (Pabijan &
Babik 2006) confirmed that these three groups of populations
are genetically disparate and deserve the status of manage-
ment units. However, mtDNA variation suggests that all
north-central European populations are derived from a
single glacial refugium (Pabijan & Babik 2006; Sotiropoulos
et al. 2007). Microsatellite variation decreases eastwards
in accordance with the inferred colonization route from a
refugium located northeast of the Alps (Pabijan & Babik
2006; Sotiropoulos et al. 2007).

In the present study, we: (i) assess the levels of variation,
number and expression pattern of the Alpine newt MHC II
loci; (ii) test for signatures of historical positive selection
and recombination in MHC II sequences; (iii) describe
variation at the population level; (iv) estimate the degree of
differentiation between populations and allopatric groups
of populations; and (v) evaluate the relationship between
MHC and microsatellite variation.

Materials and methods

Samples

Samples used in the present study were previously scored
for microsatellite and mtDNA variation (Pabijan & Babik
2006). We analysed three populations from the Sudetes
Mountains (SUD: Lub, Pru and Sle), two from the Carpathians
(CAR:Jur and Kre) and two from the Holy Cross Mountains
(HCM: HC 1 and HC 2) (Fig. 1). Details of sampling, DNA
extraction, microsatellite and mtDNA typing are given in
Pabijan & Babik (2006). Sample sizes used in the present
study are given in Table 1.
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Primer development

On the basis of a consensus of the Ambystoma tigrinum
MHC II alleles (Bos & DeWoody 2005), we designed primers
TrMHCII2F and TrMHCIIIR to amplify partial exon 2
sequences from several individuals; sequences of all new
primers used in this study are given in Table 2, and Fig. 2
shows location within the gene. We then used the consensus
from these partial sequences to design specific primers
within the exon, which led to successful amplification of
full Mesotriton alpestris second exon sequences with adjacent
parts of introns through vectorette polymerase chain reaction
(PCR; see below). The primers were TrMHCII2E, TrMHCII4F
and TrMHCII6F in the 3’ direction and TrMHCII3R,
TrMHCI7R and TrMHCII8R in the 5’ direction. In the course
of the study, we realized that not all MHC II alleles could
be detected; therefore, additional vectorette PCR experiments
were performed with the following primers: TrMHCIISF,
TrMHCII9F, TrMHCII10F, TrMHCII11F, TrMHCII5R,
TrMHCII9R and TrMHCII10R.

In the vectorette PCR approach, total genomic DNA is
digested with a restriction enzyme (RE) producing sticky
ends, then double-stranded adapters (vectorettes) matching
the overhangs but showing some internal mismatch
(‘bubble’) are ligated. Using one primer specific to the
sequence in question and the other specific to the reverse
complement of one of the vectorette strands (in the region
of mismatch), it is possible to directionally amplify the
genomic fragment located between the specific primer and
the RE recognition site. Multiple REs are usually used to
ensure a fragment of sufficient length is obtained. In the case
of large, complex genomes (as in newts) a nested approach,
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Table 1 Sample sizes (N), allelic richness (R) and expected heterozygosities (Hy) for four putative MHC loci in seven peripheral populations
of the Alpine newt. In the last column, mean allelic richness and expected heterozygosities for six microsatellite loci calculated for the same
individuals as in the MHC analysis are presented. The data for the microsatellite analysis were taken from Pabijan & Babik (2006) and
recomputed including only individuals scored for MHC variation

N Meal-DAB Meal-DBB Meal-yi Meal-yil Microsatellites
Population/region R Hg R Hyg R Hg R Hg R Hg
Kre 15 7.6 0.857 3.0 0.626 2.9 0.543 3.3 0.550 5.38 0.617
Jur 24 8.2 0.796 3.0 0.614 3.0 0.660 2.0 0.500 5.82 0.586
CAR 39 13.7 3.0 3.0 3.9 5.6
HC1 13 3.0 0.564 3.0 0.564 3.0 0.526 2.0 0.500 4.51 0.543
HC2 24 3.0 0.560 3.0 0.619 2.5 0.531 2.0 0.382 4.98 0.573
HCM 37 3.0 3.0 3.0 3.0 4.7
Pru 24 12.6 0.866 3.0 0.572 3.5 0.457 3.8 0.662 6.29 0.667
Lub 25 12.9 0.919 3.0 0.549 3.6 0.637 3.0 0.543 5.72 0.661
Sle 24 8.4 0.834 3.0 0.390 3.0 0.504 4.0 0.720 5.39 0.657
SUD 73 229 3.0 3.8 3.9 5.8

CAR, Carpathians.
HCM, Holy Cross Mountains.
SUD, Sudetes.

Table 2 Sequences of the primers used in the study of MHC II
variation in the Alpine newt. Their location within the gene is
shown in Fig. 2

Primer Sequence (5'-3")

TrMHCII1F TCTCTCCGCAGTGGACTTCGTG
TrMHCII2F GAGTGTCACTTCCTGAACGG
TrMHCII4F GGGTACTTCGTGGCCGACAC
TrMHCII6F TCCTGCACTTCGACAGCGAC
TrMHCII7F CTCCTCAGATGATTTCGTG
TrMHCIISF GGTCCGGTTCCTGCAGCGCTT
TrMHCII9F GAGTGTCASTTCSTGAACGG
TrMHCII10F GAGTGTCASTTCSTGAACGGCTCTCAG
TrMHCII11F TTCSTGAACGGCTCTCAGCGGGTCCGG
TrMHCII1R TTCCAAGATCCCGTAGTTG
TrMHCII3R GTGTCGGCCACGAAGTACCC
TrMHCII4R AGCCCTCGTAGATCCCGTAGTTG
TrMHCII5R CTCACGCYTCCGSTGCTCCATG
TrMHCII7R CTCCAGGAAGTCCTCGTCTAT
TrMHCIISR ASGAACTGCTGCYGGTTGTA
TrMHCII9R GTCGGCCACGAAATACCCGC
TrMHCII10R GGCTTCAGCCWCCGSTGCTCCATGAA
TrMHCIIT1R CTCGAAGGAACCGTAGTTG
TrMHCII12R CTCCATGAAGCCCTGGAGGAT

using an internal specific primer in the second PCR, is
essential in order to eliminate false positives (i.e. spurious
bands not representing the region of interest). Nested PCR
was used in all the vectorette PCR experiments.

We adopted the modified vectorette PCR protocol of Ko
et al. (2003). Briefly, approximately 2.5 ug portions of genomic
DNA were digested with 20 U of Bsu15I, EcoRI, Munl and
Xapl REs (Fermentas) at 37 °C overnight in 100 uL volumes.

2F
aF 1R
1F 10F  8F 6F 4F 2R

O TR I I T
IR 4R

10R

Fig. 2 Schematic representation of the position of various primers
used in the study of MHC II variation in the Alpine newt. Grey
box, MHC II 2nd exon; thick black line, adjacent parts of introns 1
and 2.

Double-stranded vectorette adapters consisting of vect53
and vect57TTAA (Ko et al. 2003) were ligated to digested
DNA with 500 U of T4 DNA ligase (New England Biolabs).
Products of the ligation reaction were either ethanol-
precipitated or purified with Microcon 100 columns
(Millipore) and suspended in 30 pL of 0.5x TE buffer. For
the first vectorette PCR, we used a specific forward primer
for amplification of the 3’ portion of the second MHC II
exon and a reverse primer for the 5" portion. The 20 uL. PCRs
contained 10 pL of 2x Hot Star Taq Master Mix (QIAGEN),
1 um of the specific and C20 vectorette (Ko et al. 2003) primers
and 1 uL of vectorette-ligated digested DNA. The touchdown
PCR scheme was as follows: 15 min at 94 °C followed by
five cycles of 30 s at 94 °C, 30 s at 65 °C and 60 s at 72 °C,
five cycles with annealing at 62 °C and 20-25 cycles at 56 °C
or 58 °C. In the second PCR, nested forward (for 3’) and
reverse (for 5" end amplification) primers were used together
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with the B21 vectorette primer (Ko ef al. 2003). As template,
we used 0.5 UL of the product of the first PCR amplification.
The second PCR cycling scheme consisted of: 15 min at
94 °C followed by 30 cycles of 30 s at 94 °C, 30 sat 58 °C and
60 s at 72 °C. The PCR product was run on a 1.5% agarose
gel, clearly visible bands were excised, purified using
the MinElute Gel Purification Kit (QIAGEN), and directly
sequenced with the nested specific and vectorette D19
(Ko et al. 2003) primer using the BigDye Terminator (BDT)
chemistry (ABI). Sequencing reaction products were elec-
trophoresed on an ABI 3100 Genetic Analyser.

Three relatively divergent sequences were obtained with
the vectorette PCR technique. We designed three primer pairs
to specifically amplify each of these. The primer pairs were:
(1) TTMHCII1F-4R, (ii) TTMHCIIZF-5R, and (iii) TTMHCII1F-
11IR. In the course of the study, it was necessary to use
additional primer combinations (iv) TrMHCII1F-12R and
(v) TrMHCII1F-5R to amplify DAB alleles from cluster II
(see Results).

Genotyping, allele identification and validation

We amplified M. alpestris MHC for all samples with each
combination of primers (i-iii) in 10 puL reactions containing
0.5 U of HotStart Tag polymerase (Fermentas), 1.5 mm
MgCl,, 1 um of FAM (forward) and HEX (reverse) labelled
primers and 10-100 ng of genomic DNA. The cycling
scheme was as follows: 3 min at 94 °C followed by 30-35
cycles of 30 sat94 °C,30 s at 58 °C and 30 sat 72 °C and the
final extension step of 3 min at 72 °C.

Several approaches were adopted for genotyping and
determining sequences of individual alleles. First, fluorescent
single strand conformational polymorphism (SSCP) analysis
was performed as follows. One microlitre of the PCR product
was mixed with 0.5 uL of the GeneScan ROX 500 marker
(ABI), 0.75 uL of 0.3 m sodium hydroxide and 12.75 uL.
formamide, denatured at 95 °C for 5 min, cooled on ice for
2 min and separated on an ABI PRISM 3100 Genetic
Analyser. We used 5% GeneScan nondenaturing polymer
(ABI) with 10% (w/v) glycerol and 1x running buffer with
EDTA (ABI). Samples were injected for 15 s; electrophoresis
was carried out at 15 kV and 20 °C. GENEMAPPER 3.7 software
(ABI) was used for size calling and allele scoring.

Relatively few SSCP patterns were detected with primer
combination (i). Individuals representing unique SSCP
patterns (at least two per pattern where available) were
amplified as above but with unlabelled primers. Three
microlitres of the amplification product was mixed with
7 uL formamide containing 10 mm sodium hydroxide, and
a grain of bromophenol blue. The mixture was denatured
at 95 °C for 5 min, cooled on ice and run on SSCP GMA
precast gels (Elchrom Scientific) for 1620 hat 6 V/cm and
9°C in 0.75x TAE buffer in the SEA2000 electrophoresis
apparatus (Elchrom). After electrophoresis, gels were stained
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with SYBR Gold (Molecular Probes) and photographed
under UV light. Then, disposable BandPicks (Elchrom) were
used to excise small (c. 5 uL) pieces of individual SSCP
bands. PCR reagents were added to the total volume of
30 uL and PCR was performed as described above for 30
cycles. PCR products were purified with ExoSAP-IT (USB)
and sequenced with the TrMHCIIIF primer. Amplicons
showing a single sequence were sequenced in the other
direction as well.

With primer combination (ii) most alleles as defined by
their SSCP patterns occurred at least once as a homozygote
(often due to nonamplification of a co-occurring allele, see
Results). Such ‘homozygous’ individuals were amplified
with unlabelled primers and sequenced directly. Sequencing
of heterozygous individuals was used together with the
respective SSCP patterns for cross-validation of some
allele sequences. Sequences obtained from heterozygous
individuals were usually of very high quality, allowing
unambiguous detection of heterozygous peaks. In several
individuals, cloning was used for determination of sequences
of individual alleles. Comparisons of the cloned sequences
with directly sequenced PCR products allowed the con-
firmation of allele sequences in two independent PCRs and
controlled for PCR and cloning-generated artefacts. PCR
products were cloned using the pGEM T-Easy vector system
(Promega). Recombinant clones were detected by blue/
white screening, colonies picked from plates were used
directly as a template in PCR with M13F and M13R primers
and PCR products of the expected length were purified
and sequenced as described above.

Primer combination (iii) amplified the putative Meal-
DBB locus exhibiting very limited polymorphism; multiple
samples from each SSCP pattern (‘genotype) were amplified
with unlabelled primers and PCR products were sequenced
directly. Each allele was sequenced from multiple homozy-
gotes, and heterozygous genotypes detected by SSCP were
confirmed by sequencing.

In the case of primer combinations (iv) and (v), fluorescent
SSCP genotyping was followed by direct sequencing of
unique SSCP patterns. All but one individual contained only
a single allele amplified with either combination of primers;
thus, genotyping and sequencing were straightforward.

We regarded only sequences obtained in at least two
independent PCRs as confirmed alleles, regardless if they
occurred in the same or different individuals. These include
sequences obtained from re-amplification of SSCP bands,
from direct sequencing and cloning. In designating allele
names we followed the nomenclature rules set by (Klein
et al. 1990).

Analysis of MHC expression

In order to validate if the assayed Alpine newt loci are
expressed, we obtained RNA from the spleen of an individual
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from the Carpathians. Immediately after excision, the tissues
were preserved in the RNAlater stabilization reagent
(QIAGEN).

RNA was extracted with the RNeasy kit (QIAGEN) from
about 10 mg of the homogenized tissue sample including
the DN Ase treatment step. cDNA was obtained using Omnis-
cript Reverse Transcriptase (QIAGEN) in 20 pL reactions
containing 6 uL template RNA, 2 uL Oligo(dT);,_;5 primer
(0.5 pug/uL, Invitrogen), 1 uL RNase inhibitor (10 p/uL)
and 1pL RT and 6 pL of RNase-free water. The reaction
was incubated at 37 °C for 60 min. The same five primer
combinations as described above were used for amplification.
PCR products from cDNA were run on SCCP GMA gels
alongside those from genomic DNA; SSCP patterns were
visually compared and all clearly visible bands were excised,
re-amplified and sequenced.

Statistical, phylogenetic and population genetic analyses

The average pairwise nucleotide distances (Kimura 2-
parameter model, K2P), Poisson-corrected amino acid
distances as well as the average rates of synonymous (dS)
and nonsynonymous (dN) substitutions, using the Nei &
Gojobori (1986) method with the Jukes-Cantor correction
for multiple substitutions, were computed in MEGA 4 (Tamura
et al. 2007). Standard errors of the estimates were obtained
through 1000 bootstrap replicates.

We checked for signatures of recombination in our dataset
using three methods. Two of these, GENEcONV (Padidam
et al. 1999) and MmaxcHr1 2 (Maynard Smith 1992) performed
very well in an assessment of 14 recombination detection
methods (Posada 2002). They are implemented in the
RDP 2 software (Martin et al. 2005), used for computations.
Additionally, a new method, genetic algorithm recombination
detection (GARD) (Pond et al. 2006), was applied, through a
web-based routine (http://www.datamonkey.org/GARD/).

We tested if positive selection shaped the evolution of
the assayed MHC II sequences using two approaches. First,
the one-tailed Z-test, as implemented in MEGA 4, compared
the rates of synonymous vs. nonsynonymous substitutions
at all codons, antigen binding sites (ABS) and non-ABS. The
locations of the putative ABS and non-ABS were inferred
from the human MHC II molecule structure (Brown et al.
1993). Second, we tested for positive selection by comparing
the likelihoods of three codon-based models of sequence
evolution available in PAML 3.15 (Yang 1997): (i) MO: one ®
(dN/dS ratio), (ii) M7: nearly neutral (w < 1) with the beta
distribution approximating ® variation, (iii) M8: positive
selection (a proportion of sites evolving with o > 1) with the
beta distribution approximating w variation. The best-fitting
models were chosen on the basis of the value of the Akaike
information criterion (AIC) (Posada & Buckley 2004; Sullivan
& Joyce 2005). Positively selected codons were identified
through the Bayes empirical Bayes procedure (Zhang et al.

2005). Analyses could not be performed for the Meal-DBB
locus because of the lack of nonsynonymous variation.
Analyses for the Meal-DAB locus were performed for all
alleles as well as for the alleles from clusters I and II (see
Results) separately. All putative pseudogene sequences were
analysed together after removing positions with indels.

Phylogenetic relationships among the Alpine newt MHC I
sequences were reconstructed using an A. tigrinum allele as
an outgroup. Two Triturus cristatus sequences representing
a putative expressed locus and a pseudogene were also
included.

The best-fitting model of sequence evolution chosen on
the basis of the AIC criterion using MODELTEST 3.7 was the
Kimura model with unequal base frequencies and gamma-
distributed rate variation (K81uf + I'). According to the
model, nucleotide frequencies were as follows: 0.234 (A),
0.285(C), 0.286 (G), 0.195 (T) and the gamma shape parameter
o =0.598. A neighbour-joining tree was constructed from
the matrix of distances computed according to the model.
The robustness of the obtained tree topology was tested
with 1000 bootstrap replicates. Another tree was constructed
under the Bayesian approach with MRBAYES 3.1 (Ronquist
& Huelsenbeck 2003). The likelihood settings corresponded
to the GTR + I"model with the parameter values estimated
from the data; priors were set to default values. Two
independent runs of four Metropolis coupled Markov
chain Monte Carlo simulations (three of them ‘heated’,
temperature = 0.20) were each run for 1.1 x 10¢ generations
and sampled every 1000 generations. The first 100 trees
were discarded as burn-in, resulting in 2000 sampled trees.
To calculate the posterior probability of each bipartition,
the majority-rule consensus tree was computed from the
2000 sampled trees.

We tested conformance of the allele frequencies with
Hardy—Weinberg expectations for all putative loci in all
populations by applying exact tests (Guo & Thompson
1992) in GenErOP 3.3 (Raymond & Rousset 1995). Linkage
disequilibria within populations were tested for each pair
of loci using the Fisher exact test or its Markov chain Monte
Carlo approximations in GENEPOP. A locus-by-locus analysis
of molecular variance (AMovA) approach as implemented
in ARLEQUIN (Excoffier et al. 2005) was used to partition the
total variance in allele frequency data into among group,
among populations within groups and within population
components.

The standardized genetic differentiation measure of
Hedrick (2005) was implemented in order to compare the
overall level of genetic differentiation for the different
loci. This measure compares the observed differentiation
in relation to the maximum possible given the allele fre-
quencies and within-population heterozygosity.

Differences in allelic richness between the three allopatric
groups of populations for each putative MHC locus were
assessed through randomization tests (10 000 randomizations)
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Fig. 3 Phylogenetic relationships of the
Alpine newt MHC II alleles. The 50%
majority rule tree from the Bayesian
analysis is shown. Numbers *01-*37 refer to
alleles Meal-DAB*01-37. Bootstrap values
above 50% (from the neighbour-joining
analysis) are shown above respective
branches; Bayesian posterior probabilities
above 70% are shown below branches.
Triturus cristatus alleles from expressed
(Tcri0101) and pseudogene (Tcri0201) loci
were included for comparison. Trees were
rooted using Ambystoma tigrinum sequence.

Cluster lll Cluster Il

10%

using the Excel add-in porrooLs (Hood 2006). The sequential
Bonferroni procedure was applied where appropriate to
keep the type I error level at o < 0.05 (Rice 1989).

We adopted the approach of Beaumont & Nichols (1996)
to test for loci showing a disproportionately high or low level
of differentiation among populations, which may indicate
the action of selection. Overall Fq; was estimated for six
microsatellite and four MHC loci with the program DATACAL.
This Fg; estimate served as a basis for coalescent simulations
aimed at determining the expected variance of the Fg;
estimates. The simulations involved 100 demes of which
seven were sampled, with 46 genes drawn from each deme.
Fgr and expected heterozygosity were recorded for each of
the 100 000 simulations. Simulations using the infinite allele
model (IAM) were performed with the program FpisT 2.
We tested for Fg; outliers in our data set by assessing if Fg
values of individual loci fall inside the heterozygosity-scaled
95% Fgr quantiles obtained from simulations.
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Results

Phylogenetic analysis

In the studied populations of the Alpine newt, we detected
48 unique sequences showing homology to the MHCII 2nd
exon (GenBank Accession nos EU512166-213). Despite the
relatively short and highly variable sequences, phylogenetic
analysis distinguished three well-supported clusters (Fig. 3).
Cluster I contains 31 diverse alleles and has 0.97 posterior
probability (PP) but bootstrap support (BS) below 0.50;
however, when the rather divergent allele Meal-DAB*12 is
excluded, the remaining 30 alleles receive PP and BS 1.00.
Cluster II groups nine alleles with PP 1.00 and BS 0.61.
Within this cluster group, Meal-DBB*01-03 received 1.00
PP and BS. Nine sequences group together with 1.00 PP and
0.97 BS, forming cluster III. Two subgroups within this cluster
are apparent: one, with PP 1.00 and BS 0.88, comprises alleles
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Meal- y1*01-04, and the other consists of Meal- yI*01-03 and
receives 1.00 PP and 0.56 BS. The positions of two T. cristatus
alleles, representing an expressed gene and a putative
pseudogene (W. Babik, M. Pabijan, ]. Radwan, unpublished
data), are not well resolved, but it should be noted that
they do not form a well-supported group to the exclusion
of the Alpine newt alleles.

Analysis of expression and pseudogene detection

PCR amplification using a cDNA template prepared from
DNAse-treated spleen RNA revealed that several alleles
detected in genomic DNA could not be amplified from
cDNA. Alleles DAB*02 and DBB*02 were amplified success-
fully but alleles y1*01, yiI*01 and *02 detected in the genomic
DNA, were not amplified from cDNA. This suggests that
these alleles represent pseudogenes. Interestingly, primers
TrMHCIITF-TrMHCII4R amplified allele DAB*04 from
c¢DNA but not from genomic DNA. The presence of allele
DAB*04 in genomic DNA was confirmed using the
allele-specific primer TrTMHCII12R. All sequences in the
putatively expressed clusters I and II exhibit a number of
amino acid residues, including cysteines (C) in positions 7
and 71 and glycosylation signals (N-11, F-32), that are
highly conserved across vertebrates (Kaufman et al. 1994).

The hypothesis that alleles y1*01, yII*01 and *02 represent
nonfunctional pseudogenes is also supported by sequence
analysis. These alleles form a well-defined group with
several other variants on the phylogenetic tree (cluster III,
Fig. 3). Two members of this group (y1I*01 and 03) exhibit
two insertions (2 bp and 1 bp long) causing a frame-shift
compared to the reference Ambystoma and Triturus cristatus
sequences. In all three y7alleles, there is a tryptophan (W)
instead of a cysteine (C) in position 71, and thus, the formation
of the disulphide bond essential for the proper functioning
of the MHC II molecule is not possible.

Thus, from the expression analysis, it is clear that only a
subset of MHC II sequences are expressed in the Alpine
newt.

The number of loci and assignment of alleles

We were able to assign alleles to putative loci by combining
genomic DNA, cDNA, phylogenetic and population genetic
analyses. Up to nine unique sequences were detected per
individual, implying the existence of at least five loci.
Relationships of sequences revealed by phylogenetic
analysis, the maximum number of sequences from particular
clusters observed per individual and patterns of co-
occurrence of sequences in genotypes of individual newts
enabled several conclusions to be drawn regarding the
assignment of alleles to loci. These conclusions, further
supported by tests of Hardy—Weinberg (HW) proportions,
were as follows:

1 Alleles Meal-DBB*01 and *02 (confirmed expression)
and Meal-DBB*03 of cluster II clearly belong to the same
locus which we named Meal-DBB; these sequences are
closely related (PP and BS 1.00) and differ by at most
two synonymous substitutions; never were more than
two sequences detected per individual and under the
assumption that these alleles belong to the same locus,
genotype frequencies in all populations conform to
HW expectations. This should not be the case if alleles
from other clusters belong to this locus, as their exclusion
would result in an excess of homozygotes. Thus, we
conclude that only these three alleles are present in
appreciable frequencies at the DBB locus in Polish popu-
lations of the Alpine newt.

2 The remaining alleles from cluster II and all alleles from
cluster I most likely belong to the other expressed locus
which we designate Meal-DAB. Assignment of these alleles
to a single locus is not obvious from inspection of the tree,
but several lines of evidence support such a conclusion.
First, we never detected more than two sequences from
these clusters (excluding sequences assigned to the DBB
locus; see above) in a single individual. Second, we did
not detect any cluster Il alleles in individuals heterozygous
for alleles from cluster I. Moreover, among three indi-
viduals which consistently did not amplify with primers
MHCTr1F-MHCTr1R (a combination specific for cluster
I alleles), two turned out to be heterozygous for alleles
from cluster II. Third, before alleles from cluster II were
detected almost all populations showed a deficit of
heterozygotes at the putative DAB locus. After inclusion
of these alleles only one population (Lub) showed an excess
of homozygotes in DAB (see below). These observations
provide strong support for the hypothesis that both
sequences from cluster I and II belong to the single
DAB locus.

3 From two to five unique sequences from cluster III were
detected per individual. Sequences form two well-
supported groups which we interpret as representing
pseudogene loci Meal-yl and Meal-yll. In addition to
phylogenetic evidence, this interpretation is supported
by population level analyses, because we never detected
more than two sequences from either group per individual
and genotypes conform to HW proportions in all popu-
lations for locus yf and in four of seven populations for
yll (before Bonferroni correction). Allele Meal-yiII*01,
detected only in minority of individuals and not in all
populations, probably belongs to another locus, from
which not all alleles could be amplified with our primers.
We included allele Meal-ylII*01 in the phylogenetic
analysis but do not consider it further in the population-
level analyses.

Thus, we conclude that most likely two expressed and
three pseudogene loci are present in the Alpine newt.

© 2008 The Authors
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Table 3 Amino acid alignment of the Alpine newt MHC II alleles from the expressed loci. Position 1 of the alignment corresponds to the
fourth amino acid position of the second exon. Length differences among alleles result from the use of various reverse primers (see text).
Shaded columns represent putative antigen binding sites (ABS) (Brown et al. 1993); signs ‘x’, *” and **” denote amino acid positions under
positive selection with posterior probability > 50, 95 and 99%, respectively, as identified by the Bayes empirical Bayes procedure (Zhang
et al. 2005); positive selection analysis based on all cluster I (see text and Fig. 3) alleles except divergent Meal-DAB*12

10 20 30 40 50 60 70 80
| B I [ P I I I P I e [....]- | et
X X X X X X XX X X X XX X X X X
* * * % * * * * * * *
* * % * * * *
DAB locus
Meal-DAB*01 HQMKAECQFLNGSQRVRLLERWVYNRQQYAHFDSDVGYFVADTEAGEPSAKHWNSDKALLEQMRGEVDSFCRHNYGILEG
Meal-DAB*02 L...G..H......... Fuoverenennn IL...o... H..... G.vvnnn Q..unn. FoutBA. A . iieeeeaennnnn
Meal-DAB*03 L.K.S..H......... Y.A........ FV. ittt eeeeenaaonaanns R..o.n. FM..E.A....... T....F..
Meal-DAB*04 AEC.S..H.V....... F.Q.¥S..... FL..... Revievennn F...D..Y...NE.YM..L..... R...T..
Meal-DAB*05 AEC.S..H.V....... F.Q.¥S..... L...... XYoo, F...D..Y...NE.YM..L..... R...T..
Meal-DAB*06 «.o.Guvuereneennnennnnn N....E N........B........ 8...58...8. .. §..H...H. . ....F..
Meal-DAB*07 4 eeeeeeneeeneeoneennnnenanns oe........H........85...984...8. .A.58. ... .B. .”¢. .B F..
MEAL -DAB*08 4 e e eeeeaeeeaneeaaeesanesaneeoneeeaaeseaaeeanesaneseanesaneeaaaseaneeanasanans F..
Meal-DAB*09 AEC.S..H.V....... Y.R.FS..... FL..... Revievennn F...D..Y...NE.YM..L..... R...T..
Meal-DAB*10 AEL.R..H.V....... Y.Q.LS..... FL..... R..Y..... F...DV.K....E.YM..L..... R...Y..E
Meal-DAB*11 L...G..H........... S - - P HeeeooGuveeeeQueee e e Fusd Al A ittt ieeaean
Meal-DAB*12 YEW.S..H.V........... HS..... FL..... Yool Fourunn Q..N...FM..E.AA..R...Y..
Meal-DAB*13  i.ueeeeeeeanannn Fuovevenennn IL...o... H..... G.vvnnn Q..unn. FM. . E.A. .t euneennnnn
Meal-DAB*14 i .uieeeeeeenaaenaaaoanananas IL...o... Hy........0...94...8. ... ... .B.- .. .B F..
Meal-DAB*15 L...G..H......... Y.A........ IL...o... H..... Gevinnn Q... FootBA. A . iieeeeaenannn
Meal-DAB*16 . .c.eeeeceocanoaans H.B.H....BE........ o I . ..BE...0. .B.B8. .-B...B. .-BE. .-BE.B
Meal-DAB*17 ....G..H..'ueeeeeeoonnanannn IL...o... H..... G..vvnnn Q... Fo.oBA.A.eieeennnann F..
Meal-DAB*18 L...G..H......... Fuoverenennn IL...o... H..... (e R P P FoueB A e iieeeeaannnnn
Meal-DAB*19 L...G..H......... Y.A........ IL...o... H..... G.vuleenn Q.cunn. F...E.A....... T....F..
Meal-DAB*20 v .o oG .H. it iueeuueeeeoneooneeoaeeeoaeeoneeeanaeeanseeeoneeanseasaaaeanseeaneasnnnn F..
Meal-DAB*21 L...G..H......... Y.A........FV....... H..... G...d...0....0. F...A.A........ ....F..
Meal-DAB*22 L...G..H......... D' A - e...R.e..... FM..E.A....... T....F..
Meal-DAB*23 L...G..H......... F.A.oueenun. IL...o... H..... G.ovnnnn Q...... FoueB.A.eiieeunaennnnn
MEal-DAB*24 i e ieeeeeeeneaaaaaaanateeeaaeeeeaaan H..... G.vvnnnn GY...H..A.-F8..8.. .. -B8. ..
Meal-DAB*25 Li...G..H...uu'eeueeonnannnnn IL....... H..... G.evuleen Q.cuvnn. Fo.tA.A..iieennnnnn F..
Meal-DAB*26 L...G..H......... Y.A........ FV. it iiieneeeneennanens R.vuwuno FM..E.A....... o . ..
Meal-DAB*27 L.K.S..H......... Y.A........FV........ - I ....R......FM..A.A.......T....F..
Meal-DAB*28 L...G..H......... Y.A........ FV....... H..... G...u... Q.cunn. F...A.A....... . ..
Meal-DAB*29 L...G..H......... Fuovewenennn IL...o... Heovrrenennnnn Q... FooeB A e enaennnnn
Meal-DAB*30 L...G..H......... Y.A........ FV....... H..... G.vnnnn Q...... FoueBA. A e iieeenaennnnn
Meal-DAB*31 AEC.S..H.V....... F.Q.¥S..... IL..... Revieuvennn F...D..Y...NE.YM..L..... R...T..
Meal-DAB*32 L.K.S..H......... Y.A........ FV....... H..... G.ovnnnn Q... FooeB A eiieeuenennnnn
Meal-DAB*33 L...G..H......... Y.A........FV........ - I veeeRei i Fu AL A et
Meal-DAB*34 L...G..H......... Y.A........ FV.'oieeeonannn G.ovnnnn Q... FooeB.A. e ieeeuaaennnnn
Meal-DAB*35 L.K.S..H......... Y.A........ FV. e eiteeenenaaonannns RY...H..5.B8..8...8.. T....F..
Meal-DAB*36 AEL.G..H.V....... Y.Q.LS..... FL..... R..Y..... F...DV.K....E.YM..L..... R...Y..E
Meal-DAB*37  iuiieenerrnnaaannn ¢.5.8....8........8........A...58...A..BA.08. .8. . .B. .B. . F..
DBB locus

Meal-DBB*01 AEC.S..H.V....... F.Q.¥S..... L...... XYoo, L..ADV.D....EDVIRRK.AQ. .AY.
Meal-DBB*02 AEC.S..H.V....... F.Q.¥S..... L...... XYool L..ADV.D....EDVIRRK.AQ. .AY.
Meal-DBB*03 AEC.S..H.V....... F.Q.¥S..... L...... XYool L..ADV.D....EDVIRRK.AQ. .AY.

Sequence diversity, selection and recombination

Allelic diversity and sequence divergence among alleles
differed strikingly among loci (Tables 1 and 3). The most
variable and diverse was locus DAB in which 37 alleles
were detected. Nucleotide and amino acid distances among
alleles were highest at this locus as well. Even when DAB
sequences from clusters I and IT were considered separately,
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sequence divergence among alleles was high (Table 4).
Both nucleotide and amino acid distances were much
higher in the putative antigen binding sites (ABS) than in
non-ABS sites. The three alleles of the DBB locus were very
similar, differing by at most two synonymous substitutions
(0.9%). Sequence divergence among alleles from all three
putative pseudogene loci was moderate, and there was no
difference between ABS and non-ABS (Table 4).
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K2P nucleotide distance

Poisson-corrected amino acid distance

Table 4 The average nucleotide and amino
acid distances among the Alpine newt

MHC II alleles from the expressed putative

All sites ABS Non-ABS All sites non-ABS  Meal-DAB locus and alleles from putative
pseudogenes Meal-yI and Meal-yil.
Meal-DAB all alleles Nucleotide distances are corrected for
9.6 (1.2) 22.0 (4.4) 5.8 (1.1) 19.2 (3.7) 47.6 (12.7) 11.2(2.8)  multiple substitutions with the Kimura 2-
parameter model (K2P), amino acid distance
Meal-DAB cluster L alleles is corrected using expectations from the
5.6 (1.0) 13.7 (3.2) 3.0 (0.9) 12.8 (2.8) 34.1(9.8) 6.5(2.2) Poisson distribution. ABS, putative antigen
i/ sl g e deermiady o o
6.3 (1.2 16.5 (4.2 3.1(1.0 10.3 (2.6 28.5(9.6 4721 )
12 “2) (L0 @6 ©.6) @D per site with standard errors based on 1000
Pseudogenes bootstrap replicates are given in parentheses
6.6 (1.2) 7.7 27) 6.4 (1.3) 11.0 (2.5) 13.3 (6.3) 10.3 (2.7)

Table 5 The average rates of nonsynonymous substitutions per
nonsynonymous site (dN) and synonymous substitutions per
synonymous sites (dS) computed according to the Nei-Gojobori
(1986) method, with standard errors obtained through 1000
bootstrap replicates in parentheses, and the results of the Z test of
positive selection. ABS, putative antigen binding sites as
determined by Brown et al. (1993). dS and dN values are given as
percentages per site

Sites dN ds P zZ

Meal-DAB all alleles

All 10.9 (2.1) 5.1(1.7) 0.014 2.221
ABS 26.8 (7.9) 5.3(3.2) 0.004 2.677
non-ABS 6.0 (1.6) 5.0 (2.0) 0.355 0.374
Meal-DAB cluster I alleles

All 6.6 (1.6) 2.3 (1.4) 0.022 2.042
ABS 16.8 (4.9) 1.4 (1.0) 0.001 3.181
Non-ABS 3.2(1.1) 25(1.7) 0.379 0.309
Meal-DAB cluster II alleles

All 6.1 (1.7) 7.0 (2.8) 1.000 -0.278
ABS 19.5(7.3) 7.0 (6.8) 0.120 1.179
Non-ABS 2.0 (0.9) 7.0 (3.3) 1.000 -1.585
Pseudogenes

All 49 (1.1) 13.1 (3.9) 1.000 -2.141
ABS 5.6 (2.5) 14.2 (9.7) 1.000 -0.745
Non-ABS 4.6 (1.3) 12.8 (4.4) 1.000 -1.805

Clear signals of historical positive selection for amino
acid replacements in the codons involved in antigen binding
were detected at the DAB locus. The ratio of nonsynonymous
to synonymous substitutions (dN/dS) was significantly
higher than one in the ABS but not in non-ABS (Table 5).
When alleles from the DAB locus belonging to clusters I and
IT were analysed separately, the Z-test of positive selection
was significant only for alleles from cluster I. However, dN

was almost three times higher than dS in ABS for alleles from
cluster II contrasting strongly with results for non-ABS,
where dS was much higher than dN (Table 5). The Z-test of
positive selection was not significant for pseudogene alleles,
in either ABS or non-ABS positions.

Similar results were obtained from comparisons of various
models of codon evolution (Table 6). A model incorporating
positive selection explained the evolution of DAB sequences
best; this was also the best model when only alleles from
cluster I were included in the analysis, but when only
sequences from cluster II were included, a model with one
dN/dS ratio adequately explained data (Table 6). When all
DAB sequences were analysed, the Bayes empirical Bayes
(BEB) procedure identified four codons (PP > 0.9) as evolving
under positive selection, all of which were in ABS (P = 0.0038,
Fisher’s exact test). The same four codons were identified
as positively selected when only sequences from cluster I were
analysed. Interestingly, removing the divergent Meal-DAB*12
allele from cluster I sequences increased the number of
codons with PP of positive selection > 0.9 to 11, eight of which
are located in ABS, which is significantly more than expected
by chance (P = 0.0015, Fisher’s exact test).

The evolution of the DAB cluster Il sequences is adequately
approximated by the nearly neutral model; AAIC between
this and the model incorporating positive selection was only
1.4 and only a single codon had PP of being under positive
selection > 0.9. For the putative pseudogene sequences,
AIC values were virtually the same for all models, indicating
that one dN/dS ratio model (w = 0.175) adequately explains
the evolution of these sequences (Table 6).

Visual inspection of the alignment revealed an unusual
pattern: the proximal 85-120 nucleotides of alleles Meal-
DAB*04, 05, 09 and 31 are identical to the corresponding
portion of alleles Meal-DBB*01-03 (Table 3). This is a
suggestive example of interlocus gene conversion or recom-
bination, which was confirmed by the GENECONV, cHI 2 and
GARD methods (sequential Bonferroni adjusted P < 0.05).

© 2008 The Authors
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Table 6 Evaluation of the goodness of fit

Model InL AAIC Parameters for different models of codon evolution and
estimated parameter values. w, dN/dS;
DAB all alleles nearly neutral with beta, for all sites @ <1
MO — one ® -1059.1 173.4 o =0.673 and the beta distribution approximates ®
M7 — nearly neutral with beta -992.2 41.6 variation; positive selection, a proportion
M8 — positive selection with Beta -969.4 Best po= 0947,p,=0.053,  ofsitesevolves with w > 1;p,, proportion of
(0,1, 0,>1) W, =7.667 sites with @< 1; p,, proportion of positively
DAB cluster I alleles selected sites (o > 1); ,, estimated value of
MO —one ® -795.9 1214 ®=1238 o for sites under positive selection
M?7 — nearly neutral with beta -753.1 37.8
M8 — positive selection with Beta -732.2 Best po= 0.947,p, =0.053,
(0y<1, @,>1) w, =11.267
DAB cluster II alleles
MO — one ® —-436.5 20.8 o =0.266
M7 — nearly neutral with beta -564.2 Best
M8 — positive selection with Beta -564.1 12 po= 0.830, p, = 0.170,
(0y<1, @,>1) , =2.755
Pseudogenes
MO — one ® —484.1 o =0.175
M7 —nearly neutral with beta —484.2
MBS — positive selection with Beta —484.2 po = 1.000
(0,1, 0,>1)
Table 7 Percentage of total variation,
Level of AMOVA structure Meal-DAB Meal-DBB Meal-yl Meal-y2  explained by various levels of population
structure in MHC loci of the Alpine newt.
Among regions 4.7 -19 14.5* 8.6%** *P < 0.05, **P < 0.001 ***P < 0.0001
Among populations within groups 5.0%* 8.7 4.8%* 4.5%
Within populations 90.3*** 93.2%** 80.7%** 86.8***

No other inter- or intralocus recombination event detected
by all three methods was observed.

Genotype proportions, null alleles and linkage
disequilibria

Meal-DAB genotype frequencies conformed to HW expec-
tations in all but one population (Lub, P < 0.0001, unadjusted
P). Loci Meal-DBB and Meal-yIdid not depart significantly
from HW proportions in any populations. However,
significant departures from HW proportions were detected
for pseudogene locus Meal-yil in three populations (Jur,
P =0.0012, Pru, P = 0.0036, Sle, P = 0.0032).

If departures from HW equilibrium were caused by the
presence of null alleles in DAB and @1, then their frequencies
can be estimated. Because no null homozygotes were
observed in DAB in Lub, the frequency of null allele(s) was
probably < 0.2. Based on the count of apparent null homozy-
gotes, the frequencies of I null(s) in Jur, Pru and Sle were
estimated by the EM algorithm as 0.24, 0.21 and 0.24.

Significant linkage disequilibria were detected only
between loci DAB and DBB in four populations (Kre,
P =0.0053; Jur P = 0.0009; HC1 and HC2 P < 0.0001).
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Geographic differentiation and comparison with
microsatellites

Allelic richness and expected heterozygosity (gene diversity)
are given in Table 1.

According to the standardized Gg; values of Hedrick
(2005), the putative loci achieved the following percentages
of maximum among population differentiation: Meal-DAB,
58.1%; Meal-DBB, 22.1%; Meal- w1, 49.1%; and Meal-yiI, 30.9%.

AMovA showed that for all loci, over 80% of the genetic
variation was partitioned within populations (Table 7), a
common finding for highly polymorphic loci. Less than 9%
of the variation was partitioned among populations within
groups. Among-group differentiation ranged from -1.9%
in DBB, and 4.7% in DAB, both values not significant,
indicating a lack of structure among regions in expressed
genes, to a relatively high value of 14.5% in Meal-y/
(Table 7).

Striking differences were observed in the levels of variation
between regions for the Meal-DAB locus: 31 alleles (23
private) were detected in SUD, 14 (five private) in CAR and
only three alleles (*01, *02, *04, none of them private) in
HCM. The differences in allelic richness were significant in
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0.35

0.3

=0.05

Heterozygosity

Fig. 4 Fq; outlier analysis. Solid line indicates median value and
dashed lines the upper and lower 95% quantiles based on 100 000
simulations. Diamonds are observed values for microsatellite loci,
squares for expressed MHC loci and circles for putative MHC
pseudogenes.

all three pairwise comparisons (CAR vs. SUD P <0.05,
CAR vs. HCM P < 0.001, HCM vs. SUD P < 0.001, all P
values Bonferroni corrected). The less polymorphic loci did
not show such remarkable differences in allelic richness.
The three Meal-DBB alleles were detected in all populations.
Both pseudogene loci showed modest differences in the
number of alleles, ranging from three (CAR and HCM) to
four (SUD) per region in Meal-yi and from two (HCM) to
four (CAR and SUD) in Meal- yil. Allelic richness for Meal- yd
was significantly higher in SUD than in CAR (P < 0.05),
and for Meal-yil, it was higher in SUD than in HCM
(P <0.001).

We used microsatellite loci genotypes from Pabijan &
Babik (2006) in order to assess if the levels of neutral and
adaptive genetic variation in populations of the Alpine
newt are associated. Allelic richness for six microsatellite
loci (Table 1) was calculated for the same individuals as in
the MHC analysis. The number of alleles per locus ranged
from 4 (Ta3Caga?2), 5 (Ta1Cal), 6 (Tn4Ca4U) and 8 (Tu3CaS),
to 46 (1n3Cagal) and 51 (TalCaga4). There was a significant
correlation between microsatellite and Meal-DAB allelic
richness (r=0.88, d.f. =5, P =0.008) as well as between
allelic richness in Meal-DAB and the putative pseudogene
Meal-yl (r = 0.87, d.f. = 5, P = 0.010).

A weak correlation was observed between pairwise Fgp
for microsatellites and Meal-DAB (r,; = 0.22, P = 0.031, Mantel
test) and Meal-yd (r\, = 0.23, P = 0.031); these correlations
were not significant after Bonferroni adjustment. There was
no correlation of pairwise Fg; between microsatellites and
Meal-DBB or Meal-yil.

Neither expressed nor putative pseudogene MHC loci
were significant in the Fg; outlier analysis. However, two
microsatellite loci were significant, one of which (Tu4Ca4L)

showed a marginally higher than expected (one-sided
P =0.022) and the other (Ta3Cagal) lower than expected
by chance differentiation among populations (one-sided
P =0.00012) (Fig. 4).

Discussion

Two putative expressed MHC II loci, differing strikingly in
levels of variation, were detected in populations of the
Alpine newt sampled at the northeastern periphery of its
range. The Meal-DAB locus shows very high polymorphism,
evidence of historical positive selection for amino acid
replacements, and substantial geographical differentiation
in allelic richness, despite relatively small geographical
distances between sampled populations. On the contrary,
the Meal-DBB locus exhibits low polymorphism and a
uniform distribution of three alleles among populations
and geographical regions. We compare these patterns with
presumably neutral MHC pseudogenes and microsatellites
and conclude that selection and drift interplayed to produce
the pattern of MHC variation observed in marginal
populations of the Alpine newt.

The number of loci and assignment of alleles

We detected multiple Alpine newt sequences showing
homology to the second MHC exon and assigned them to
two putative expressed and three nonexpressed, pseudogene
loci. Alleles assigned to individual loci mostly clustered
together on the phylogeny. We attribute the discrepancy
observed for some alleles of the Meal-DAB locus, which
formed a cluster with Meal-DBB alleles, to interlocus gene
conversion or recombination, detected by several statistical
methods. The assignment of alleles to loci is desirable
because it enables more in-depth analyses and gives
access to a wide repertoire of analytical tools devised for
codominant markers.

This is the first report of more than one expressed MHC
II locus in a urodele amphibian. The only other urodeles
studied to date, Ambystoma tigrinum and A. mexicanum,
possess a single expressed locus (Laurens et al. 2001; Bos &
DeWoody 2005; Richman et al. 2007). However, multiple
pseudogenes, containing the beta 1 domain of MHC II are
probably present in A. mexicanum (Tournefier et al. 1998;
Laurens et al. 2001).

The situation detected in the Alpine newt resembles that
typical of mammals where alleles of various MHC II genes
form monophyletic groups, sharing alleles among loci is
relatively rare (Nei & Hughes 1992) and usually restricted
to cases of relatively recent duplications (e.g. Babik &
Radwan 2007). Despite the clear instance of interlocus gene
conversion/recombination, the pattern observed in the
Alpine newt is inconsistent with the common pattern in
nonmammalian vertebrates in which extensive interlocus
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allele sharing is common, making assignment of alleles to
loci often difficult, problematic or even impossible (Wittzell
etal. 1999; Miller & Lambert 2004; Reusch & Langefors
2005; van Oosterhout et al. 2006). Further studies on urodele
MHC are obviously needed for a better understanding of
MHC architecture and patterns of evolution in this ancient
vertebrate group.

Patterns of historical selection

We detected clear signatures of positive selection at the Meal-
DAB locus. However, the results of the analysis depended
to some degree on which DAB sequences were included
(Table 6). The relatively high overall sequence divergence
in DAB may have saturated both the synonymous and
nonsynonymous sites (Richman et al. 2001) and compromised
the detection of positive selection in analyses involving all
sequences. Accordingly, the strongest signature of positive
selection, with a significantly elevated proportion of positively
selected codons at ABS sites, was obtained for cluster I
sequences after removal of the divergent Meal-DAB*12
allele. For DAB cluster II sequences, a model allowing for
positive selection offered only a marginally better fit to the
data than the single ® model. Here, the recombination we
have detected may have affected the tests of positive selection
(Anisimova et al. 2003; Shriner et al. 2003); specifically, gene
conversion/recombination has apparently homogenized
the 5’ part of the second exon of several alleles, thus increasing
similarity among the DAB cluster II sequences, which
therefore may have decreased the power of the tests of
selection. Unfortunately, we could not explicitly account
for recombination in the analysis because the data clearly
did not meet the assumption of the available method
(Wilson & McVean 2006), which requires that sequences are
sampled from a single panmictic population.

Our data and the results of Bos & DeWoody (2005) and
Richman et al. (2007) from Ambystoma contradict the opinion
that low MHC variation detected previously in A. mexicanum
(Tournefier et al. 1998) may reflect a lack of selection for
maintenance of MHC variation, suggested to be a general
characteristic of urodeles explaining their weak immune
response.

Signatures of positive selection were not detected in
pseudogene sequences of the Alpine newt. This is contrary
to what is expected if nonfunctional pseudogenes originate
from MHC genes through the birth-and-death process (Nei
& Rooney 2005), because patterns indicative of positive
selection may persist in nucleotide sequences for long periods
of evolutionary time (Garrigan & Hedrick 2003). Thus, the
MHC II pseudogenes present in the Alpine newt have either
evolved neutrally or under purifying selection, uniformly
across all nucleotide positions. A similar conclusion was
drawn from a study of MHC pseudogene variation in the
little greenbul (Aguilar et al. 2005).
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Levels of variation, geographical differentiation and
comparison with neutral markers

The two putative expressed loci differ markedly in level
of variation in populations of the Alpine newt at the
northeastern margin of its range: a total of 37 and three
alleles were detected in Meal-DAB and Meal-DBB, respectively.
The DAB alleles showed extensive divergence and elevated
dN/dS ratio in ABS, viewed as compelling evidence for
positive selection acting on an evolutionary timescale.
High levels of allelic diversity in marginal populations
of postglacial origin imply that DAB variation has been
maintained by selection on the ecological timescale as well.

On the contrary, surprisingly little variation of apparently
recent origin (only a few synonymous substitutions), was
detected at the other expressed locus, DBB. Three hypo-
theses may explain this low variation. First, DBB may represent
a nonclassical MHC locus and low variation may result
from functional constraint. Second, a lack of selection for
maintaining variation at DBB could have resulted in the
loss of variation via random drift. Third, variation previously
present at this locus could have been lost when an advant-
ageous allele had swept to fixation, whereas new mutations
may have accumulated since then. Interestingly, the DBB
alleles are present in high and similar frequencies in all
populations, a situation typical for genes under balancing
selection. However, it seems unlikely that DBB itself is under
balancing selection because only synonymous variation
was found at this locus. An assumption of nonsynonymous
substitutions in parts of the gene which were not assayed
would have to be made in order for balancing selection to
be invoked. However, linkage disequilibrium (LD) with
DAB could explain similar frequencies of DBB alleles even
if they represent recent synonymous variants of the gene
under stabilizing selection. Strong LD was observed between
the DAB and DBB loci in the HCM and CAR. This indicates
that the loci may be physically linked; linkage can be
maintained over substantial chromosomal distances, at least
in mammalian MHC (Miretti ef al. 2005; Bonhomme et al.
2007). If so, DBB alleles which at the time of colonization
happened to be associated with the DAB alleles selectively
retained in the HCM and CAR populations could have
hitchhiked to high frequency. Demographic processes may
have further elevated LD in these populations (Pritchard &
Przeworski 2001). On the other hand, the lack of significant
LD among DAB and DBB alleles in the Sudetes may reflect
either the break-up of linkage by recombination (SUD
populations are closer to the refugium than populations in
the HCM and CAR and thus probably older) or less power
in LD tests due to high allelic variation in Meal-DAB.
Linkage with DAB would oppose the loss of variation at
DBB due to genetic drift and make the selective sweep
hypothesis unlikely because of high allelic diversity in DAB.
Therefore, we favour the hypothesis that DBB evolves under
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purifying selection and its synonymous variants are
maintained in high frequencies due to linkage with DAB.

The three allopatric groups of the Alpine newt in southern
Poland (defined as populations in separate mountain ranges),
although derived from a single refugium and thus of recent
origin (Pabijan & Babik 2006), are differentiated in every
part of the nuclear genome studied so far: graft rejection
studies crudely assessed the overall MHC differentiation
between regions (Rafiriski 1970, 1974), the same pattern was
subsequently revealed for allozyme (Pabijan et al. 2005)
and microsatellite markers (Pabijan & Babik 2006). AMova
showed significant genetic differentiation among groups
for both pseudogene loci, but not for Meal-DAB or DBB.
The lack of differentiation in expressed MHC II loci among
regions may indicate that selection maintains a more uniform
distribution of the MHC alleles.

On the other hand, drift is clearly an important factor
shaping the variation at the Meal-DAB locus, as shown by
a strong correlation between Meal-DAB and microsatellite
allelic richness at the population level. The similar geo-
graphical gradient in both types of markers indicates that
variation was reduced during the postglacial colonization
of populations now located at the northeastern periphery
of the distribution of this species. This may potentially
affect the future evolutionary prospects of these populations
(Hughes 1991; Hedrick 2001). In the extreme case, as few
as three (all nonprivate) alleles (Meal-DAB*01, *02 and *04)
were retained in the northernmost populations (HCM). The
retention of three highly divergent alleles is consistent with
the hypothesis posing that individuals expressing divergent
alleles coding for dissimilar MHC II molecules possess a
selective advantage because they are able to trigger an
immune response against a broader spectrum of antigens
(Wakeland ef al. 1990; Richman et al. 2001). The lack of a
correlation between pseudogene and microsatellite variation
may be explained by the generally limited pseudogene
variation and low differentiation in allelic richness among
populations. A correlation between variation of MHC and
neutral markers has often been observed in various verte-
brate species (e.g. Hedrick et al. 2001; Hinten et al. 2003;
Miller & Lambert 2004; Babik et al. 2005; Aguilar & Garza
2006; Campos et al. 2006). Hence, random drift seems to
significantly affect levels of MHC variation on the ecological
time scale in many species.

The Fg outlier analysis showed that the MHC loci do not
deviate significantly from the genome-averaged level of
population differentiation. All possible relationships between
levels of genetic structure in neutral markers and MHC
genes have been observed in various taxa. Higher differen-
tiation in MHC than in neutral markers may indicate local
adaptation in MHC (Landry & Bernatchez 2001; Aguilar &
Garza 2006; Ekblom et al. 2007), whereas lower differentiation
of MHC than neutral loci may occur when spatially uniform
selection overrides neutral drift and homogenizes allele

frequencies (Sommer 2003; Piertney & Oliver 2006). However,
our Fgp outlier analysis showed that the MHC loci do not
deviate significantly from the genome-averaged level of
population differentiation. A lack of differences in the
degree of MHC and neutral structure suggests that drift
and gene flow are the predominant factors determining the
differentiation of both classes of markers (Boyce et al. 1997;
Hedrick et al. 2001).

Conclusions

In this first study of MHC Il variation in a Urodele amphibian
outside the Ambystoma tigrinum/A. mexicanum clade, we
detected multiple, expressed and nonexpressed MHC II
loci in the three allopatric Alpine newt population groups
in southern Poland. The expressed loci differed strikingly
in levels of variation which may reflect differentiation in
selective regimes. We found high allelic variation and strong
signatures of historical positive selection at the highly
polymorphic Meal-DAB locus, whereas very low variation
and lack of geographical differentiation of allele frequencies
at the apparently linked Meal-DBB locus were observed.
Pseudogene loci appear to have evolved neutrally. There
was a clear geographical pattern in Meal-DAB allelic richness
which correlated strongly with microsatellite allelic richness,
indicating that in addition to positive selection, genetic
drift has also shaped Meal-DAB variation during or after
colonization in postglacial areas.
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