
Heredity (2019) 123:593–607
https://doi.org/10.1038/s41437-019-0221-3

ARTICLE

MHC structuring and divergent allele advantage in a urodele
amphibian: a hierarchical multi-scale approach

Lorenzo Talarico 1
● Wiesław Babik2 ● Silvio Marta 3

● Venusta Pietrocini1 ● Marco Mattoccia1

Received: 29 October 2018 / Revised: 31 March 2019 / Accepted: 31 March 2019 / Published online: 29 April 2019
© The Genetics Society 2019

Abstract
Proteins encoded by extraordinarily polymorphic major histocompatibility complex (MHC) genes are involved in the
adaptive immune response. Balancing selection is believed to maintain MHC polymorphism in the long term, although
neutral processes also play a role in shaping MHC diversity. However, the relative contribution of these processes is poorly
understood. Here we characterized MHC class II variation of a low-dispersal, pond-breeding newt (Triturus carnifex) over a
restricted, geographically structured area. We aimed to (1) evaluate the contribution of selection and neutral processes to
shaping MHC diversity at two geographic scales, and (2) test for signatures of divergent allele advantage (DAA), which is a
potentially important mechanism of balancing selection. The dominant role of selection in shaping MHC variation was
suggested by the lack of correlation between MHC and neutral (microsatellite) variation. Although most variation occurred
within populations for both types of markers, they differed in the extent of structuring at the two spatial scales. MHC
structuring was more pronounced at local scales, suggesting the role of local selection, while structuring was not detectable
at a larger scale, possibly due to the effect of balancing selection. Microsatellites showed the opposite pattern. As expected
under DAA, the observed genotypes combined more sequence diversity than expected under a random association of alleles.
Thus, DAA may contribute to maintaining MHC polymorphism, which is ancient, as supported by signatures of historical
positive selection and trans-species polymorphism. Our results point to the importance of a multi-scale approach in studying
MHC variation, especially in low-dispersal taxa, which are genetically structured at fine spatial scales.

Introduction

The major histocompatibility complex (MHC) is a family of
extraordinarily polymorphic genes involved in the adaptive
immune response of jawed vertebrates (Kelley et al. 2005).
Proteins encoded by classical MHC class II genes present
antigens from extra-cellular pathogens and parasites to

T-cells, activating the adaptive immune cascade (Neefjes
et al. 2011). Each MHC protein can recognize and bind a
limited range of antigens, as determined by the amino-acid
composition of the antigen-binding sites (ABS). These sites
are scattered along exon 2 of MHC class II genes (Brown
et al. 1993), which usually exhibits high levels of sequence
variability (Kelley et al. 2005).

Positive selection for amino-acid replacement in ABS
favours novel alleles, which are maintained for a long time
by various forms of balancing selection, the detailed
mechanisms of which remain incompletely understood
(Spurgin and Richardson 2010). As a consequence,
numerous alleles and substantial sequence variation are
commonly found in MHC loci (Bernatchez and Landry
2003). Gene duplication (Edwards and Hedrick 1998) and
micro-recombination (Richman et al. 2003) may addition-
ally increase the overall MHC diversity. This diversity has
adaptive significance, ultimately conferring resistance to a
broad array of pathogens (Hughes and Yeager 1998). MHC
polymorphism is often preserved for an extraordinarily long
time, leading to trans-species polymorphism (TSP) (Klein
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1987), which results from the retention of allelic lineages
through multiple speciation events. Pathogen-driven bal-
ancing selection has been proposed as the dominant factor
promoting and maintaining MHC polymorphism, although
some forms of sexual selection may contribute as well
(Piertney and Oliver 2005). The two main mechanisms of
pathogen-driven balancing selection are negative frequency
dependence and heterozygote advantage, also referred to as
overdominance (Hughes and Yeager 1998; Spurgin and
Richardson 2010). The first model, which received support
in experimental and theoretical studies (Ejsmond and Rad-
wan 2015; Phillips et al. 2018), postulates that novel alleles
are favoured when rare, but are selected against when they
become common, consistent with the host–parasite co-
evolutionary Red Queen dynamics. The second model
predicts that heterozygotes would be favoured over homo-
zygotes because they possess different types of MHC
molecules and thus can recognize more pathogens.
Although evidence of heterozygote advantage from
experimental studies has been frequently reported, excess of
heterozygotes in natural populations has been detected only
in some studies, probably because the tests lacked sufficient
power (Garrigan and Hedrick 2003; Spurgin and Richard-
son 2010). Importantly, as rare alleles are present mostly in
heterozygotes, these mechanisms are entangled, thus mak-
ing it difficult to distinguish between them (Spurgin and
Richardson 2010). Recent studies are increasingly focusing
on an extended interpretation of heterozygote advantage,
the divergent allele advantage concept (DAA) (Wakeland
et al. 1990). According to this hypothesis, heterozygous
genotypes composed of more divergent alleles are supposed
to recognize a broader range of antigens, ultimately entail-
ing higher fitness at the individual level. Therefore, MHC
genotypes combining high sequence divergence, especially
in ABS, are expected to be found more frequently than
predicted under a random association of alleles. A correla-
tion of sequence divergence between pairs of alleles with
the ability of their products to recognize more antigens has
been detected for the human MHC using computational
antigen-binding prediction algorithms (Lenz 2011; Pierini
and Lenz 2018). Pierini and Lenz (2018) found also a sig-
nificant positive correlation between the mean divergence of
an allele from other alleles and its frequency in humans. The
DAA has been only rarely tested in other species, and
results are not consistent between studies. For example,
Lenz and collaborators (2009, 2013) demonstrated that high
MHC IIB allele divergence was a predictor of fitness
proxies in the long-tailed giant rat and sea lions. On the
other hand, Gaigher et al. (2018) failed to detect shifts
towards MHC haplotypes combining high diversity in a
natural population of barn owl. Thus, the evidence for DAA
in natural populations remains limited and further research
is needed.

Various patterns of spatial MHC structuring have been
observed, with structuring higher, lower or comparable to
that in putatively neutral markers, such as microsatellites
(Bernatchez and Landry 2003). A stronger MHC population
structure is predicted in the case of spatially and temporally
fluctuating (directional) selection (Spurgin and Richardson
2010), leading to substantial differentiation among popu-
lations, consistent with a local adaptation model (e.g. Miller
et al. 2001, Ekblom et al. 2007, Li et al. 2016). Conversely,
if selection promoting novel, rare alleles (i.e. negative
frequency-dependent selection) increases the effective rate
of MHC gene flow among populations (Schierup et al.
2000), a weaker geographic structuring of MHC would be
observed compared to that of neutral variation (e.g. van
Oosterhout et al. 2006; Rico et al. 2015). The same is
expected even under isolation if balancing selection pre-
vents loss of alleles and maintains similar allele frequencies.
Demographic processes interact with selection in shaping
MHC diversity, and their relative role may differ at various
temporal and spatial scales (Radwan et al. 2010; Eimes
et al. 2011). For example, Herdegen et al. (2014) found a
strong MHC population structure within regions, while
between regions MHC was weakly structured compared to
microsatellites. The authors ascribe these differences to the
dominant role of diversifying/fluctuating selection at the
smaller scale and an interplay between (weak) drift and
balancing selection at the larger scale. Therefore, it is
essential to investigate MHC variation at adequate spatial
scales reflecting environmental variation, the dispersal
abilities of species and demographic processes (reviewed in
Richardson et al. 2014). A hierarchical multi-scale approach
is highly informative in this respect, and it may help miti-
gate possible bias, as, for example, sampling over too large
a scale may mask the effects of selection due to differences
in environment and limited gene flow (Lenormand 2002).

Exploring how MHC variation is structured at local
scales is particularly interesting in taxa that have low dis-
persal ability and show high genetic differentiation
(detectable using neutral markers) even at micro-
geographical scales. However, studies investigating MHC
variation at fine scales are rather scarce (e.g. Gonzalez-
Quevedo et al. 2016; Pearson et al. 2018). In this context,
pond-breeding amphibians provide a good model, as they
likely experience heterogeneous selective pressures (e.g.
parasites), which may substantially differ among nearby
sites (e.g. different biotopes), possibly leading to local
adaptation. Their limited vagility, exacerbated by habitat
fragmentation, often results in high structuring of popula-
tions even at small scales (e.g. Lampert et al. 2003, Beebee
2005, Smith and Green 2005, Cushman 2006).

In the present study, MHC class II variation of the Italian
crested newt, Triturus carnifex (Laurenti, 1768), was analysed
over a restricted (<200 km2), but geographically structured

594 L. Talarico et al.



area. Our sampling covered three hierarchical scales: the
overall region, two well-defined geographic subregions, and
nine populations. Strong site fidelity has been reported for T.
carnifex (Mori et al. 2017; but see also Denoël et al. 2018),
and neutral genetic structuring in Triturus is detectable at fine
spatial scales (i.e. <30 km2, Jehle et al. 2005). Thus, the
adopted sampling scale is relevant for hierarchical analysis of
the genetic structure and diversity of T. carnifex. We com-
pared putative adaptive (MHC) and neutral variation (micro-
satellites) to assess the contribution of evolutionary forces to
the pattern of MHC diversity observed across spatial scales.
Additionally, taking advantage of a relatively simple organi-
zation of MHC II in Triturus, we tested for signatures of the
DAA. Indeed, in the closely related T. cristatus a single
expressed class II locus (some evidence for a second, possibly
functional locus was detected in only 2% of individuals) and
several pseudogene loci were described (Babik et al. 2009).
Transcribed and pseudogene alleles could be distinguished on
the basis of their sequence. Although MHC has not pre-
viously been characterized in T. carnifex, we expected a
similar organization as in T. cristatus. Basically, we aimed to
(1) characterize MHC class II genes in T. carnifex; (2)
investigate the relative role of selection and neutral processes
in shaping MHC diversity at a small geographic scale; and (3)
test for balancing selection in the form of the divergent allele
advantage.

Materials and methods

Study area, sample collection and DNA extraction

Triturus carnifex samples (tail clippings) were collected
from nine sampling sites in the area of the Lepini

Mountains, central Italy, during the 2018 breeding season
(Table 1). The Italian Ministry of Environment approved all
sampling procedures (authorization no. 36230/T-A31). The
study area, about 200 km2, encompasses two distinct geo-
graphic subregions, separated by the Lepini mountain
range. Due to the karst nature of the massif, natural ponds
are scarce, so T. carnifex inhabits man-made biotopes (e.g.
Roman wells, semi-natural ponds and watering places),
which occur patchily at <1000 m above sea level (Corsetti
2006, Mattoccia 2015). Therefore, the mountain range
likely acts as a physical barrier to dispersal. Four (COR,
NOR, BAS, SEZ) and five (SEG1, SEG2, GOR, MON,
CAR) populations fall into the Western and the Eastern
subregion, respectively (Fig. 1). The average distance
between sampling sites was 9.96 km, ranging from 1.40 to
19.46 km. Tissues were stored in ethanol at −20 °C until
genomic DNA extraction, which was carried out using the
GenElute™ Mammalian Genomic DNA Miniprep Kit
(Sigma-Aldrich – Saint Louis, MO, USA), following the
standard protocol for the mammalian tissue.

MHC exon 2 PCR amplification, next-generation
amplicon sequencing and post-processing

We used 144 newts (16 individuals per population) for
MHC analyses. An ~200-bp fragment of MHC class II exon
2 was amplified using the primer pair TrMHCII10F and
TrMHCII5R (Babik et al. 2009), with partial Illumina
Nextera XT adaptors added to allow library generation, and
along with a 4-bp tag (four forward and four reverse-tagged
primers were combined to obtain 16 unique barcode com-
binations; SuppInfo 1). Each PCR reaction, in a total
volume of 20 μl, contained 20–100 ng DNA, 0.375 μM each
primer, 1× Phusion Buffer HF, 200 μM each dNTP, and

Table 1 Summary of genetic variation for the putatively functional MHC-DAB locus and 10 STR loci, along with locality and geographic
coordinates (datum WGS84) of nine sampling sites of T. carnifex in the area of Lepini Mountains (Italy)

MHC-DAB STR

Pop Municipality Lon° (E) Lat° (N) N AN PA HO HE N AR PA HO HE

West COR Cori 12.92 41.66 16 8 1 0.69 0.67 25 6.4 0.1 0.73 0.76

NOR Norma 13.00 41.62 16 7 0 0.69 0.65 16 6.7 0.1 0.73 0.75

BAS Bassiano 13.07 41.57 16 7 1 0.94 0.75 19 5.2 0.1 0.63 0.72

SEZ Sezze 13.03 41.52 16 3 0 0.50 0.64 29 6.5 0.0 0.63 0.73

East SEG1 Segni 12.96 41.69 16 3 0 0.75 0.54 18 5.9 0.0 0.76 0.76

SEG2 Segni 12.97 41.67 16 6 0 0.69 0.72 29 8.6 0.5 0.78 0.81

GOR Gorga 13.07 41.65 16 5 1 0.63 0.62 30 8.1 0.5 0.71 0.80

MON Montelanico 13.01 41.62 16 8 1 0.88 0.82 31 8.0 0.1 0.71 0.80

CAR Carpineto
Romano

13.10 41.59 16 5 0 0.69 0.70 22 7.9 0.4 0.70 0.80

Mean
(±SD)

16.00
(0.00)

5.78
(1.81)

0.44
(0.50)

0.72
(0.12)

0.68
(0.08)

24.33
(5.42)

7.04
(1.09)

0.20
(0.19)

0.71
(0.05)

0.77
(0.03)

Populations included in the Western and Eastern subregions are listed above and below the dashed line, respectively. The number of genotyped
individuals (N), the number of alleles (AN) and private alleles (PA), the allelic richness (AR), and the expected and observed heterozygosity (HO

and HE) are provided for each population (Pop)
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0.4U of Phusion Hot Start II High-Fidelity DNA poly-
merase (Thermo Scientific, Waltham, MA, USA). Ampli-
fication was carried out in a 2720 Thermal cycler (Applied
Biosystems, Foster City, CA, USA) under the following
conditions: initial denaturation at 98 °C for 2′, followed by
30 cycles at 98 °C for 10″, 58 °C annealing for 20″, 72 °C
for 20″, and a final elongation step at 72 °C for 5′. We
assembled overall nine batches of 16 PCR products each,
individually labelled by a barcode combination and pooled
approximately equimolarly, as assessed by visual exam-
ination of band intensities on 1% agarose gels. A com-
mercial company (Bio-Fab Research, Rome, Italy)
accomplished the library preparation (i.e. adding the
remaining part of the Illumina adapters and indexes in a
second PCR step) and performed a 300-bp paired-end
sequencing on Illumina MiSeq (Illumina, San Diego, CA,
USA). The Illumina technology enables efficient genotyp-
ing of complex MHC systems (e.g. Lighten et al. 2014,
Gaigher et al. 2016, Biedrzycka et al. 2017).

The PRINSEQ online tool (Schmieder and Edwards
2011) was used to trim read ends (>250 bp) and to discard
those with a low base-call accuracy (i.e. average quality <
25 Phred). Paired-end reads were merged in FLASH
(Magoč and Salzberg 2011) with a minimum overlap of
20 bp. Finally, AmpliCHECK (Sebastian et al. 2016) was

used for removal of primer sequences, de-multiplexing and
counting variants for each amplicon.

MHC genotyping pipeline

The adopted genotyping procedure consisted of three main
steps: identification of maximum per-amplicon frequencies
(MPAF) for true alleles and putative artefacts (1), and actual
genotyping, which included a clustering step (2) followed
by a filtering step (3). AmpliCHECK was used for pre-
liminary assessment of the results to check whether putative
true variants can be distinguished from putative artefacts
based on MPAF. After sorting all variants by descending
MPAF a gap between 7.6 and 2.8% was detected. We
confirmed that variants showing MPAF > 7.6% were puta-
tive true alleles. Conversely, variants with MPAF < 2.8%
could be mostly identified as low-frequency artefacts (chi-
maeras or 1–2 base mismatch errors) derived from putative
true variants with higher per-amplicon frequency (PAF)
within the same amplicon (step 1). Hence we assumed the
2.8% PAF threshold (i.e. the maximum PAF observed for
the putative artefacts) for the sequence similarity-based
clustering procedure (step 2) performed by AmpliSAS
(Sebastian et al. 2016). This method allowed to increase the
depth of true variants and thus to simplify their

Fig. 1 Frequencies of 13 MHC-
DAB alleles in nine T. carnifex
populations from the Lepini
Mountains (Italy). The
geographic location of the study
area (red triangle) is shown on
the top right of the map.
Population abbreviations,
coloured according to
geographic subregion (red=
Western; black= Eastern), refer
to Table 1
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identification in the filtering step. In this way, putative
parental variants (in this case > 2.8% PAF) included depths
of artefacts derived from these variants (i.e. putative des-
cendant sequences showing 1–2 base mismatch errors and
< 2.8% PAF) occurring within the same amplicon. Finally
(step 3), to discard residual artefacts due to contaminations
or tag-switching (Carlsen et al. 2012), we adopted the
Degree Of Change (DOC) genotyping method (described in
Lighten et al. 2014), implemented as a filtering step in
AmpliSAS, which is reliable in case of ultra-deep sequen-
cing (i.e. thousands of reads per amplicon). Briefly, under
the assumption that true variants occur in higher PAF than
artefacts, the break point separating true variants form
artefacts is set within each amplicon separately by ordering
variants by their PAF and finding the highest drop in
cumulative frequency of consecutive variants (i.e. the
maximum DOC). Additionally, we set up specific filters to
discard chimaeras and variants differing by ± 30 bp from the
expected length. All other settings were as default.

MHC class II characterization

MHC class II alleles were numbered according to their
frequency, separately for the putatively functional locus
(Trca-DAB) and for pseudogenes (Trca-ps). Variants were
aligned in MEGA7 (Kumar et al. 2016) using the MUSCLE
algorithm and checked visually to assess the reliability of
the alignment. The average pairwise sequence divergence
(nucleotide distance=Kimura 2-Parameter model to correct
for multiple hits; amino-acid distance= PAM distance
accounting for amino-acid replacement probability, as
described in Dayhoff et al. 1978), and the synonymous (dS)
and non-synonymous (dN) divergence (modified Nei-
Gojobori method with Jukes-Cantor correction) were com-
puted in MEGA7 as well.

To examine the relationship among TriturusMHC class II
sequence variants, a maximum likelihood tree (model: Jukes-
Cantor with Gamma rate distribution and a nonzero propor-
tion of invariant sites) was built in MEGA7 and its robustness
was assessed with 1000 bootstrap replicates. Additionally, as
MHC alleles often show complex genealogies departing from
a bifurcating tree, a neighbour-net network (p-distance) was
built in SplitsTree (Huson and Bryant 2006) to visualize
conflicting signals due to gene duplication and putative
recombination events. Analyses of relationships included 66
MHC II exon 2 sequences available for the genus Triturus,
42 deposited in GenBank (accessions FJ447986–FJ448028;
Babik et al. 2009) and 24 available in Dryad (https://doi.org/
10.5061/dryad.s9v06; Wielstra et al. 2015).

We tested for recombination using the following meth-
ods: SisScan and Bootscan (window= 30, step size= 3);
RDP (window= 30); MaxChi and Chimaera (variable sites
= 10); GENECONV (default settings). All methods were

implemented in RDP v.4.95 (Martin et al. 2015), using the
Bonferroni correction for multiple tests.

We looked for signatures of historical positive selection
using two approaches. First, we tested in MEGA7 for ω
(dN/dS ratio) > 1 by performing the one-tailed Z-test in three
alignment partitions: (1) all sites; (2) 19 ABS inferred on the
basis of human MHC (Brown et al. 1993); (3) non-ABS.
Second, we compared three codon-based evolution models
of putative functional alleles in PAML v4.8 (Yang 2007):
(1) M0 assumes a single ω value for all codons; (2) M7
considers purifying selection and neutrality (ω ≤ 1); (3) M8
allows positive selection (a proportion of sites evolves with
ω > 1). The Akaike information criterion (AIC) was used to
choose the best model. Positively selected sites (PSS) were
identified using several methods. We used the Bayes
empirical Bayes (BEB) procedure in PAML, along with
four methods implemented on the Datamonkey server
(https://www.datamonkey.org/): the fast unconstrained
Bayesian approximation (FUBAR), the fixed effects like-
lihood (FEL), the single-likelihood ancestor counting
(SLAC) and the mixed-effects model of evolution (MEME)
(Kosakovsky Pond and Frost 2005; Murrell et al.
2012, 2013). These analyses were carried out twice:
namely, using only T. carnifex alleles, and, later, including
both T. carnifex and T. cristatus putative functional variants
(i.e. GenBank accession numbers FJ448004–FJ448028, and
with 24 alleles in Dryad: https://doi.org/10.5061/dryad.
s9v06) to improve the accuracy of PSS detection.

MHC supertyping

All Triturus putative functional variants were collapsed into
supertypes. Supertypes are classes of functionally similar
sequences as defined by the physico-chemical properties of
amino acids in positions that determine the specificity of
antigen binding. Amino-acid sites that are likely involved in
peptide binding (i.e. all PSS detected by at least one
method) were extracted and each site was characterized
according to five physio-chemical descriptors as explained
in Sandberg et al. (1998). Supertypes were defined in the
adegenet R-package (Jombart 2008) using the K-means
clustering algorithm. For each K the Bayesian information
criterion (BIC) value was recorded, and we used the
ΔBIC ≥ 2 criterion to choose the optimal number of clusters.
Eventually, all variants within each cluster were collapsed
into a single MHC supertype.

MHC variation

Standard indices of genetic variability, i.e. the number of
alleles (MHCAN) and private alleles (MHCPA), and the
observed (MHCHO) and expected (MHCHE) heterozygosity,
were calculated in GenAlEx 6.5 (Peakall and Smouse
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2012). In GenePop on the Web (Rousset 2008) we tested for
significant departures from Hardy–Weinberg expectations
(HWE) within each population, and p-values were adjusted
for multiple testing (Holm–Bonferroni correction). Pie
charts displaying allele and supertype frequencies were
mapped and edited in QGIS 2.18 (Quantum GIS Develop-
ment Team, http://qgis.osgeo.org).

STR amplification, genotyping, and variation

To assess neutral variation we analysed 10 microsatellite
loci (hereafter STR): TCRI13, TCRI29, TCRI35, TCRI36
and TCRI46 (Krupa et al. 2002), A7, A8, A126, D5 and
D127 (Dufresnes et al. 2016). PCR reactions were per-
formed in a total volume of 12 μL containing 20–100 ng of
genomic DNA, 2X PCR Master Mix (Thermo Scientific)
and 0.83 μM of each primer. Amplifications were carried
out in a 2720 thermal cycler (Applied Biosystems) as fol-
lows: initial denaturation at 94 °C for 5', followed by 35
cycles at 94 °C for 30'', a locus-specific annealing tem-
perature (i.e. 56 °C for A7, D5, A126 and TCRI46; 58 °C
for the others) for 45'', 72 °C for 30'', and a final elongation
step at 72 °C for 5'. Amplicons were electrophoresed on a
1.5% agarose gel with ethidium bromide and visualized
under UV light to assess successful reactions. Fragment
analysis was conducted on an ABI 3730xl genetic analyzer
(Applied Biosystems) by the DNA Analysis facility on
Science Hill (Yale University, USA), and genotypes were
determined using Peak Scanner v2 (Applied Biosystems).

We tested for departures from HWE and for linkage
disequilibrium (LD) in GenePop (Rousset 2008). The fre-
quency of null alleles was estimated with the EM algorithm
in FreeNA (Chapuis and Estoup 2007). STR intra-
population diversity (STRPA, STRHE, STRHO) was asses-
sed as described for the MHC. Sample sizes for STR were
unequal and larger than for MHC (see Table 1), because the
former were obtained from another ongoing study (Pie-
trocini et al. in prep.). To precisely estimate the neutral
diversity, instead of subsampling STR data to the MHC
sample size, we retained all STR samples. For comparison
of the number of alleles, which required equal MHC and
STR sample sizes, we calculated mean allelic richness
(STRAR) within the PopGenReport R-package (Adamack
and Gruber 2014) by setting rarefaction to 32 alleles (i.e. 16
individuals) to allow comparison with MHCAN.

Comparison between MHC and STR variation and
genetic structuring

We assessed the correlation between putative adaptive and
neutral variation by testing the relationship between MHC
(response variable) and STR variation (predictive variable)
across the examined populations. Linear models (lm

function in R; R Development Core Team, 2017) were used
to evaluate the association between MHCAN–STRAR and
MHCHE–STRHE.

We followed five approaches to analyse and compare the
genetic structures of MHC and STR. First, we tested for the
overall signature of isolation by distance (IBD). A Mantel
test (9999 permutations, adegenet package in R) was per-
formed to assess the significance and magnitude of the
relationship between population pairwise genetic and geo-
graphic distances for MHC and STR independently. Genetic
distances (FST) were computed in FreeNA: MHC alleles
were treated as equally different from each other; pairwise
FST at STR were adjusted for the presence of null alleles
according to the ENA correction (5000 replicates).

Second, we tested whether the genetic structure was
stronger or weaker in MHC compared to STR loci using the
FST outlier method in BayeScan 2.1 (Foll and Gaggiotti
2008). We first ran an analysis involving only STR data,
which identified STR outliers. These STR outliers were
removed and a second analysis was performed to test
whether MHC is an outlier with respect to the remaining
STR loci. The program was run by setting the default prior
odds (PO= 10, meaning that the model with selection is 10
times more unlikely than the neutral one) and allowing a 5%
threshold of false discovery rate (i.e. q-value < 0.05). Third,
we tested for a correlation between the genetic differentia-
tion (pairwise FST) among populations at MHC and STR
using the Mantel test (9999 permutations, adegenet R-
package). Fourth, the non-metric multidimensional scaling
(NMDS), as performed in PAST (Hammer et al. 2001) was
used to visualize and compare matrices of pairwise FST
based on MHC and STR.

Finally, a hierarchical analysis of molecular variance
(AMOVA, 10000 permutations) was performed in Arlequin
v3.5 (Excoffier and Lischer 2010) to assess the partitioning
of genetic variation among and within the two geographic
subregions (i.e. the Eastern and Western one), as well as
within populations. The analysis was carried out separately
for MHC alleles, MHC supertypes and STR. Note that the
consistency between geographical and genetic structure was
assessed by an STR-based Bayesian clustering analysis in
STRUCTURE v.2.3.4 (Pritchard et al. 2000) (details in
SuppInfo 2).

Tests for MHC divergent allele advantage

To test for an evidence of the divergent allele advantage we
compared the observed divergence between alleles within
individuals to theoretical expectations obtained via simu-
lations. Specifically, we used simulations to evaluate DAA
for (1) each population separately, (2) each subregion and
(3) all samples pooled. We tested if observed genotypes
combine on average more sequence diversity than expected
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under a random association of alleles (i.e. random mating,
no selection). We computed the mean genetic distance
between functional alleles within individuals (DOBS) and
compared it to the null distribution expected under a ran-
dom assortment of alleles in individuals (DEXP, 9999 ran-
domizations). The null distribution was obtained by random
shuffling (i.e. without replacement) of alleles to form a
simulated dataset of the same size as the observed dataset—
during this procedure, all possible genotypes can be gen-
erated according to the alleles available in the pool. For tests
at population and subregion levels, p-values were adjusted
for multiple testing (Holm–Bonferroni). We performed the
one-way Wilcoxon signed rank test to check whether DOBS

was greater than DEXP across all populations. Furthermore,
to separate the possible effect of a simple excess of het-
erozygotes from the actual DAA, we performed a modified
version of the test where both DOBS and DEXP were com-
puted only for heterozygous individuals (“heterozygotes
only”). Tests were carried out using a custom R-function
(code and input data examples are available in Dryad,
https://doi.org/10.5061/dryad.ct40nm7). DAA was investi-
gated at two partitions separately (all sites and PSS as
identified using all Triturus alleles), each testing for three
measures of genetic distance to take into account divergence
among MHC alleles at multiple levels (i.e. nucleotide,
amino acid and functional). Specifically, in MEGA we
computed nucleotide p-distance (correction for multiple hits
was computationally not possible when considering only
PSS, so this distance was probably an underestimate) and
PAM distance (to take into account different probabilities of
various amino-acid substitutions). A script of Pierini and
Lenz (2018) (available at https://sourceforge.net/projects/
granthamdist/) was used to calculate the Grantham distance
(Grantham 1974), which takes into consideration the phy-
siochemical properties of amino acids, and has been found
to more adequately reflect functional distances between
(human) MHC alleles compared to other measures (Pierini
and Lenz 2018).

Results

MHC characterization

We sequenced a fragment of MHC class II exon 2 in 144
newts from nine sampling sites. The individual amplicon
coverage depth was high (mean 7363.8; range:
1,673–33,678) (SuppInfo 3). We found 2–6 variants per
individual (mean= 4.25 ± 0.80), which indicated co-
amplification of at least three loci (i.e. DAB locus and
several pseudogenes).

Overall, 19 unique sequences of 189, 197 or 200 bp were
detected, none of which were previously reported for the

closely related T. cristatus. Six variants fell into a cluster
(bootstrap support 89%, Fig. 2) that was previously iden-
tified in T. cristatus as grouping non-expressed, putative
pseudogene sequences (Babik et al. 2009). The pseudogene
status of T. carnifex variants in this cluster was supported by
the presence of an internal stop codon (Trca-ps*06) or an
11-bp frameshift deletion (Trca-ps*01, *05, *06); it was not
possible to assign pseudogene variants to loci based on
sequence similarity or a co-occurrence pattern, and hence
they were not analysed further (their frequencies are shown
in SuppInfo 4). The remaining 13 alleles (197–200bp), each
translating into a unique protein sequence (65 or 66 amino
acids with no stop codons or frameshift mutations; Sup-
pInfo 5), were intermixed on the tree with T. cristatus
alleles from the putative functional locus (Fig. 2), a sig-
nature of TSP. Babik et al. (2009) suggested that a divergent
allele, named Trcr-DBB*01, represents a separate locus of
unknown expression status in T. cristatus. Here we found
two alleles (Trca-DAB*04 and Trca-DAB*11) with simi-
larity to Trcr-DBB*01, but it is unlikely that these come
from a separate locus, for the following two reasons. First,
no individual had more than two alleles, and alleles Trca-
DAB*04 and Trca-DAB*11 occurred in combination with
various other alleles (SuppInfo 3)—both alleles were rare,
with the highest per-population frequency of 0.16, which
implies that hypothetical haplotypes carrying the second
locus would occur mostly in heterozygotes. Thus, three
alleles per individual are expected unless the two-locus
haplotype shares an allele with the single-locus haplotype
present in the heterozygous individual. In such a case,
however, identical genotypes with two alleles would be
expected for all 13 and 2 individuals carrying alleles Trca-
DAB*04 and Trca-DAB*11, respectively, which was not
observed. Second, none of the populations showed strong
departures from HWE (no p < 0.01 at the nominal level and
none significant after Holm–Bonferroni correction, Sup-
pInfo 6). Thus, the available evidence suggests that all 13
alleles come from a single putative functional locus, DAB.
Nevertheless, as we are not able to rule out completely the
possibility that Trca-DAB*04 and Trca-DAB*11 represent a
separate locus, here we present the results of DAA also
without these two alleles.

The putatively functional DAB locus showed high
sequence diversity, particularly in the ABS codons, as well
as clear signatures of historical positive selection: excess of
nonsynonymous substitutions at ABS (Table 2) and strong
support (ΔAIC= 7.4) for the PAML model M8, which
allows for positive selection (SuppInfo 7). Only SisScan,
out of the six methods used, identified a single recombi-
nation event (results not shown), so recombination was not
substantial. Four positively selected sites (PSS) were
detected in T. carnifex by at least one method (i.e. amino-
acid sites 6, 38, 48 and 64), and the number increased to
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Fig. 2 Relationships among Triturus MHC class II exon 2 sequence
variants. a Neighbour-net network, p-distance method; the dashed line
separates the group of putative functional alleles (DAB locus) from
pseudogenes (at least two loci). b Maximum likelihood tree,
Jukes–Cantor model with gamma-distributed rate variation and a non-
zero proportion of invariant sites (JC+G+I); bootstrap support > 70 is

shown; the outgroup is Ambystoma tigrinum (GenBank: DQ071906).
Black squares and green circles indicate T. carnifex and T. cristatus
variants, respectively. Putative functional alleles are labelled without
the prefix (Trca-DAB* and Trcr-DAB*) for a better visualization, and
labels are coloured according to supertypes
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eight (additional sites: 8, 45, 49, 51) after including T.
cristatus sequences (SuppInfo 5). These sites are likely
involved in peptide binding since most of them (75%)
matched the positions of human ABS (p < 0.01, Fisher’s
Exact Test) (SuppInfo 5). Four supertypes were identified in
Triturus on the basis of the eight PSS. All four occurred in
T. carnifex, grouping from two to five alleles (Fig. 2,
SuppInfo 8).

MHC-DAB vs STR: variation and genetic structuring

We detected three to eight DAB alleles (two to four super-
types) per population; some populations had a single private
allele (Table 1), but no private supertypes were detected.
The geographic distribution of alleles or supertypes did not
show a clear pattern (Fig. 1 and SuppInfo 8, respectively).

All STR loci were polymorphic, showing between 4 and
29 alleles (SuppInfo 9). The standard indices of variation
within populations are summarized in Table 1. LD was
significant (Holm-Bonferroni adjusted p < 0.05) in 8 out of
405 pairwise comparisons, all in population SEG1, which
indicates no physical linkage between any STR loci. Ten
out of 90 tests showed significant departures from HWE
(Holm-Bonferroni adjusted p < 0.05). Locus D5 showed
departures in multiple populations (SuppInfo 6), probably
due to the presence of null alleles (SuppInfo 10). Therefore,
we removed this locus from AMOVA and outlier analyses,
in which correction for null alleles was not possible. For the
other analyses, allele frequencies were corrected for the
presence of null alleles.

The comparisons between MHC-DAB and the neutral
(STR) variation showed (1) no significant association
between DAB and STR variation (MHCAN and STRAR: R

2

= 0.01, p= 0.82; MHCHE and STRHE: R
2= 0.05, p= 0.57;

further details in SuppInfo 11); (2) the IBD model explained

a fraction of the neutral differentiation (Mantel: r= 0.38,
p= 0.03), but not DAB differentiation (Mantel: r=−0.01,
p= 0.50) (Fig. 3); (3) a similar level of geographic struc-
turing for DAB and STR loci was suggested by the FST
outlier analysis (results not shown); and (4) an appreciable
correlation between population differentiation at DAB and
STR (Mantel test: r= 0.52, p= 0.02; SuppInfo 12).

The analysis of the population genetic structure at STR
loci (i.e. NMDS and STRUCTURE) supported the geo-
graphic structuring that we assumed a priori based on the
presence of the mountain barrier (SuppInfo 2). The Western
group was more heterogeneous (Fig. 4a), which probably
led to a secondary ΔK peak in STRUCTURE analysis
supporting five clusters (SuppInfo 2). In contrast to STR,
DAB did not show significant differentiation between sub-
regions, while it did show substantial differentiation
between populations (Table 3, Fig. 4b). As expected for

Table 2 Sequence divergence
between MHC II exon
2 sequence variants: the overall
nucleotide (Kimura 2-Parameter,
K2P) and amino-acid (Dayhoff,
PAM) average pairwise
distance, the non-synonymous
(dN) and synonymous (dS)
distances (Nei-Gojobori method
with Jukes-Cantor correction),
and results of one-tailed Z-test
(Z) for positive selection in
different partitions of exon 2
calculated within all loci
(19 sequences), DAB locus (13
alleles) and pseudogenes
(6 sequences)

Partition K2P % (±SE %) PAM (±SE) dN (±SE) dS (±SE) Z P

All loci

all sites 0.129 (0.016) 0.266 (0.051) 0.144 (0.026) 0.104 (0.026) 1.285 ns

ABS 0.235 (0.048) 0.597 (0.194) 0.289 (0.088) 0.117 (0.053) 1.679 *

non-ABS 0.093 (0.015) 0.176 (0.039) 0.093 (0.020) 0.102 (0.031) −0.262 ns

DAB

all sites 0.099 (0.014) 0.210 (0.047) 0.124 (0.026) 0.051 (0.018) 2.304 *

ABS 0.192 (0.043) 0.559 (0.212) 0.272 (0.090) 0.022 (0.015) 3.037 **

non-ABS 0.067 (0.013) 0.120 (0.035) 0.072 (0.020) 0.063 (0.025) 0.305 ns

Pseudogenes

all sites 0.073 (0.015) 0.143 (0.041) 0.062 (0.017) 0.106 (0.037) −1.172 ns

ABS 0.061 (0.027) 0.085 (0.050) 0.036 (0.020) 0.150 (0.121) −1.013 ns

non-ABS 0.078 (0.018) 0.168 (0.058) 0.074 (0.022) 0.092 (0.039) −0.459 ns

Standard errors (SE, 1000 bootstrap replicates) are shown in parentheses. Significance of p-value (P): ns=
p ≥ 0.1, *= p < 0.05, **= p < 0.01
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Fig. 3 Relationship between pairwise genetic (FST) and geographic
distance (m) for nine T. carnifex populations. Results based on MHC-
DAB (light grey; Mantel r=−0.01ns) and STR (dark grey; Mantel r=
0.38*) are given
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highly polymorphic markers, the vast majority of variation
was within populations (Table 3).

Tests of divergent allele advantage in MHC-DAB

No clear evidence for DAA was detected within populations
(SuppInfo 13): DOBS was significantly greater than DEXP in
BAS only, possibly due to a slight excess of heterozygotes
in this population (the DOBS excess was no longer sig-
nificant when considering heterozygotes only; SuppInfo
13). On the other hand, there was an excess of populations
with values of DOBS >DEXP (Wilcoxon signed-rank test,
p < 0.05) for three combinations of distance/data partition/
test version (all with the PAM distance, data not shown),
suggesting a tendency in the direction expected under DAA.

When tests were performed at the subregion level, an
unambiguous DAA signature was observed in the Western
subregion (p < 0.05 in all but one tests; Table 4), while no
signal was found in the Eastern subregion (Table 4).

Support for DAA was found also in the total sample
(Table 4). We detected evidence for DAA considering PSS

at both amino-acid (PAM p < 0.01, Grantham p < 0.1) and
nucleotide (p < 0.1) levels. Only a weak DAA signature was
observed using the amino-acid PAM distance when all sites
were taken into account. Interestingly, strong support for
DAA (p < 0.05) was found in all “heterozygotes only” tests
at all examined partitions and measures of distance (Table
4). This indicates that the detected effect is not due to an
excess of heterozygotes.

Finally, when tests were conducted without the highly
divergent DAB alleles, the signature of DAA was observed
just in some “heterozygotes only” tests for the pooled
samples, and in all “heterozygotes only” tests for the
Western subregion (SuppInfo 13).

Discussion

Characterization of MHC class II genes

Here we provide the first characterization of MHC class II in
Triturus carnifex. At least three loci were simultaneously
amplified, but just one (i.e. the DAB locus) appeared func-
tional. Unequivocal signatures of historical positive selection
on putative peptide binding sites were detected for this locus.
A single functional locus is consistent with the MHC II
organization detected in some other urodele amphibians, such
as Ambystoma tigrinum (Bos and DeWoody 2005) or the
congeneric T. cristatus (Babik et al. 2009, Wielstra et al.
2015). Otherwise, functional MHC II loci appear at least
duplicated in other European salamanders (Babik et al. 2008;
Nadachowska-Brzyska et al. 2012). Despite the lack of
shared variants, we found extensive trans-species poly-
morphism between T. cristatus and T. carnifex, evident from
exon-based genealogies. This indicates the retention of MHC
allelic lineages for a long time, as the two species diverged
ca. 5.4 Mya (Wielstra et al. 2019). The DAB sequence
polymorphism is similar to that in T. cristatus (data in Sup-
pInfo 14). Interestingly, the allelic richness (MHCAR= 4.4) is
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Fig. 4 Non-metric two-dimensional scaling of the pairwise FST matrix
computed for a 10 STR loci (stress= 0.23); b the MHC-DAB (stress
= 0.05). Population abbreviations refer to Table 1; dots are coloured
according to the geographic subregion (light grey=Western; dark
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Table 3 Results of hierarchical analysis of molecular variance
(AMOVA) for MHC and microsatellite loci (STR)

Source of variation MHC-DAB
(alleles)

MHC
(supertypes)

STR

Among subregions −1.48ns −0.73ns 1.36 **

Among populations
within subregions

8.67 *** 7.07 *** 4.91 ***

Within populations 92.81 *** 93.66 *** 93.73 ***

The amount of variation (%) explained by differences among
geographic groups (i.e. Western and Eastern subregions), among
population within groups and within populations, along with the
significance level (ns= p ≥ 0.1, **= p < 0.01, ***= p < 0.001; 10,100
permutations) is given for MHC (based on both the 13 DAB alleles and
4 functional supertypes) and STR loci
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roughly comparable to that observed in populations of T.
cristatus within the glacial refugia (mean MHCAR= 5.3 ±
1.1) rather than within post-glacial expansion areas where
DAB variability was substantially depleted (mean MHCAR=
1.8 ± 0.3) (Babik et al. 2009). It is currently unclear whether
this relatively high diversity results from the generally higher
MHC variability in T. carnifex or from the proximity of
refugial areas. In fact, multiple lowland refugia have been
suggested for T. carnifex in the peninsular Italy (Canestrelli
et al. 2012).

Evolutionary forces driving the spatial pattern of
MHC variation

Two lines of evidence suggest the role of selection as the
dominant mechanism driving MHC evolution and shaping
MHC-DAB variation at a fine geographic scale. First, MHC
variation did not correlate with neutral variation (STR)
across populations (SuppInfo 11). Second, no IBD was
detected for MHC, while IBD was significant for STR (Fig.
3). Thus, selection likely outweighs the effects of drift and
distance-dependent gene flow, which are expected to shape
diversity at neutrally evolving markers, especially in low-
dispersal species. The FST outlier analysis suggested similar
extents of genetic structuring at MHC and STR, and the

Mantel test detected a positive correlation between FST
matrices for the two types of markers. However, both the
hierarchical analysis of genetic structure (AMOVA) and
NMDSs revealed a more complex picture, indicating a
stronger MHC differentiation at a local scale and stronger
STR differentiation at a regional scale. MHC allele fre-
quencies can differ substantially between neighbouring
sampling sites, with no evidence of a larger-scale geographic
structure, i.e. non-significant differentiation between sub-
regions. In contrast, STRs are differentiated (although
weakly) between subregions, while differentiation within
subregions appears lower compared to MHC (Table 3). A
similar scale-dependent partitioning of MHC variation was
previously reported for guppies (Herdegen et al. 2014).
Reduced differentiation at higher levels of geographic
structuring is expected under overdominance and negative
frequency dependence, as the effect of balancing selection
compared to drift is more pronounced at lower migration
rates (Schierup et al. 2000; Currat et al. 2015), e.g. where
barriers to migration occur between geographic regions (the
spatial structuring of neutral variation supports such a sce-
nario in the present case; Fig. 4a, SuppInfo 2). Therefore, if
balancing selection acts on MHC, but not on STR loci, the
pattern we observe in T. carnifex may emerge. On the other
hand, little structuring would be expected at smaller scales

Table 4 Results of DAA tests
(MHC-DAB) for samples
grouped according to subregion
(i.e. West and East), and for the
pooled samples (results for
individual populations are
provided in SuppInfo 13)

P-distance PAM Grantham

Group Partition Test version DOBS DEXP P DOBS DEXP P DOBS DEXP P

Western
subregion
(N= 64)

All sites All genotypes 0.060 0.054 § 0.126 0.113 * 5.402 4.871 *

Heterozygotes
only

0.085 0.073 *** 0.180 0.153 ** 7.683 6.579 **

PSS All genotypes 0.240 0.210 * 2.031 1.451 * 21.867 19.182 *

Heterozygotes
only

0.342 0.284 *** 2.889 1.967 ** 31.100 25.971 ***

Eastern
subregion
(N= 80)

All sites All genotypes 0.043 0.043 ns 0.083 0.083 ns 3.331 3.394 ns

Heterozygotes
only

0.060 0.059 ns 0.115 0.115 ns 4.595 4.710 ns

PSS All genotypes 0.181 0.178 ns 1.036 0.886 ns 16.066 16.192 ns

Heterozygotes
only

0.249 0.247 ns 1.429 1.226 ns 22.159 22.485 ns

All populations
(N= 144)

All sites All genotypes 0.051 0.048 ns 0.102 0.097 § 4.251 4.068 ns

Heterozygotes
only

0.071 0.065 ** 0.143 0.133 * 5.944 5.570 *

PSS All genotypes 0.207 0.193 § 1.478 1.149 ** 18.644 17.577 §

Heterozygotes
only

0.290 0.264 ** 2.067 1.569 ** 26.066 24.072 **

Distance measures were based on nucleotides (p-distance), amino acids (PAM) and functional differences
between amino acids (Grantham), and computed for all sites and eight PSS detected in Triturus. The mean
expected distance (DEXP) and observed distance (DOBS) within individuals, along with the p-value
(significance level: ns= p ≥ 0.1, §= p < 0.1, *= p < 0.05, **= p < 0.01, ***= p < 0.001) are given. The
“heterozygotes only” label denotes tests performed taking into account distances within heterozygous
individuals only
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(i.e. within subregions) for both kinds of markers if gene
flow would be high enough to homogenize allele frequencies
even at neutral loci (Currat et al. 2015). However, we
observed MHC differentiation between populations within
subregions (Table 3, Fig. 4b), suggesting a more intricate
scenario. Such fine-scale differentiation may result from
host–parasite coevolutionary dynamics (i.e. Red Queen
dynamics), which likely occurs asynchronously across sites
(Herdegen et al. 2014). As a consequence of these non-
synchronized cyclic dynamics, MHC allele frequencies are
expected to fluctuate independently within populations,
ultimately generating spatial genetic structuring even with-
out substantial differences of the parasite communities
across populations. Moreover, we cannot rule out that the
detected pattern results from directional selection varying in
space and time (Spurgin and Richardson 2010). However, it
may be difficult to distinguish between Red Queen dynamics
and fluctuating directional selection, especially if fluctuating
selection is weak or local adaptation is at an early stage, and
the two processes are not mutually exclusive.

Evidence for the divergent allele advantage

Our study provides evidence for DAA in T. carnifex. While
we found only a relatively weak tendency for DAA within
populations (possibly due to the limited power because of
small sample sizes), signatures of DAA were detected when
individuals from populations within the Western region or
from all populations were pooled. This result is remarkable,
because pooling should result in an apparent deficit of
heterozygotes (Wahlund effect), making detection of DAA
more difficult. This test was therefore conservative and we
consider the evidence from pooled samples suggestive. In
addition, when considering heterozygotes only, the DAA
signal appears even stronger. As expected, the DAA was
better supported for PSS than for all other sites—the former
should be the immunologically most relevant sites, because
they determine the spectrum of antigens recognized by a
MHC molecule (Brown et al. 1993; Lenz 2011).

An excess of genotypes combining highly divergent
alleles may result from direct selection caused by patho-
gens, but also from mate choice with respect to MHC dis-
similarity. This has been reported in some studies (e.g.
Forsberg et al. 2007, Juola and Dearborn 2011, Evans et al.
2012), but involvement of MHC in mate choice remains
controversial (reviewed in Bernatchez and Landry 2003,
Piertney and Oliver 2005). Whatever the mechanism
underpinning the DAA, balancing selection mediated by
DAA can contribute to the long-term maintenance of MHC
diversity (Wakeland et al. 1990), explaining, at least in part,
the retention of the (ancient) MHC variation in T. carnifex.

The extent of DAA across taxa remains poorly known
due to the paucity of studies. To the best of our knowledge,

this is the first report of DAA in an amphibian. Previously,
DAA has been demonstrated in humans (Lenz 2011, Pierini
and Lenz 2018) and wild terrestrial mammals (Lenz et al.
2009, 2013), but not in a bird (Gaigher et al. 2018). Nota-
bly, DAA has recently been invoked to explain the occur-
rence of highly divergent alleles in MHC-depleted
population(s) of the Maui’s dolphin and the Apennine
yellow-bellied toad, which have experienced recent or his-
torical bottlenecks, respectively (Heimeier et al. 2018,
Talarico et al. 2019). Clearly, further investigations of DAA
in wild populations are needed.

Conclusions

Studies investigating evolutionary processes driving the
pattern of MHC variation at a fine spatial scale are infre-
quent, although they are potentially highly informative.
Therefore, the mechanisms actually involved in such
dynamics remain poorly understood. Our study revealed a
subtle, scale-dependent structuring of MHC variation
compared to that of neutral markers. We interpret these
differences as resulting from the action of recent or
ongoing selection on MHC in T. carnifex. These findings
emphasize the importance of hierarchical sampling, still
rarely adopted, for understanding the evolutionary
mechanisms shaping MHC diversity. We also found evi-
dence for balancing selection in the form of divergent
allele advantage, adding to a small number of studies that
have tested this mechanism in natural populations. In
general, our study contributes to the understanding of the
evolutionary dynamics of MHC genes in taxa with low
dispersal abilities.

Data archiving

MHC and STR individual genotypes, paired-end Fastq files
(along with individual tags), and the R-function for DAA
tests (i.e. code, usage and input data examples) have been
archived in Dryad (https://doi.org/10.5061/dryad.ct40nm7).
We deposited MHC sequences in GenBank (accessions:
MH880293–MH880311).
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