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Abstract. When species that are reproductively incompletely isolated meet in parapatry and reproduce, a hybrid zone is
established. The strength of reproductive isolation between these species and the dynamics of their ranges can be inferred
from the extent and direction of gene flow across the hybrid zone. We determine the position, shape and dynamics of the
relatively poorly studied hybrid zone between the Danube (Triturus dobrogicus) and Italian (T. carnifex) crested newts, using
genome-wide nuclear DNA data (24 species-diagnostic SNPs) and an mtDNA marker (ND4). Overall, the hybrid zone is
narrow, signifying strong selection against hybrids. In the north of the hybrid zone, asymmetric introgression of 7. dobrogicus
alleles into 7. carnifex indicates postglacial expansion by 7. carnifex. We also report a highly distinct haplotype lineage that
presumably reflects ‘cryptic pseudogenes’; while the relevant sequences do not bear the hallmarks of a pseudogene, their
apparent distinctiveness is not supported by an independent mtDNA marker (ND2).
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Introduction

Hybrid zones are regions where distinct species
meet, mate and produce genetically admixed
(i.e. hybrid) offspring (Hewitt, 1988; Wielstra,
2021). The climate fluctuations during the Pleis-
tocene Ice Age helped shape today’s hybrid
zones (Hewitt, 2011). Species whose ranges
were contracted to refugia during cold glacial
spells could expand their ranges during warm
interglacial spells, facilitating secondary contact
and hybrid zone formation. Most hybrid zones
observed today formed during the Holocene.

Increased genetic divergence between species
is typically manifested as reduced fitness of
their hybrid offspring (Wu and Ting, 2004;
Stankowski and Ravinet, 2021). The shape and
permeability of hybrid zones reflect the strength
of reproductive barriers between species (Bar-
ton and Hewitt, 1985, 1989). In a so-called
tension zone, the hybrid zone is maintained
by a balance between selection against hybrids
and the influx of pure parental species (Hewitt,
1988; Wielstra, 2021). The narrower the width
of the hybrid zone in relation to the dispersal
distance of the species involved, the stronger the
reproductive isolation (Barton and Gale, 1993).

While a hybrid zone may remain stable at
the position it originally formed upon secondary
contact (Barton, 2001), if one of the species
involved would be able to outcompete the other,
this would lead to hybrid zone movement (Wiel-
stra, 2019). When the fitness of hybrid offspring
is non-zero, alleles of one parental species may
introgress into the other, while the two preserve
their overall genetic integrity (Mallet, 2005).
Potential movement of the hybrid zone can be
inferred from introgression patterns: a hybrid
zone that shifts its position is predicted to leave
a trail of introgressed selectively neutral mark-
ers behind (Buggs, 2007; Wielstra, 2019).

The genus Triturus, distributed in Europe and
western Asia, encompasses approx. 10 marbled
and crested newt species that hybridise where
their ranges meet (Arntzen et al., 2014; Wielstra
et al., 2014). Most Triturus hybrid zones have
been studied in detail and differ in the extent
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of reproductive isolation and spatial dynamics
(e.g., Arntzen and Wallis, 1991; Arntzen et al.,
2009, 2014, 2021a,b; Espregueira Themudo et
al., 2012; Wielstra et al., 2017a,b). North of
the Balkan Peninsula, Triturus hybrid zones are
relatively understudied.

The Danube crested newt (7. dobrogicus) and
the Italian crested newt (7. carnifex) meet each
other around the eastern foothills of the Alps
(fig. 1; Wielstra et al., 2014). Hybridisation
between the two species has been reported in
the Czech Republic, Austria, Croatia and Hun-
gary and is expected to also occur in Slove-
nia (Voros and Major, 2007; Mikulicek et al.,
2012; Stankovi¢ and Deli¢, 2012; Gubényi et
al., 2010; Arntzen et al., 2014; Voros et al.,
2016; Macit et al., 2019; Wielstra et al., 2021).
Howeyver, due to the scattered nature of the sam-
pling in previous studies, the position and shape
of the hybrid zone along its entire >400 km
length remains unclear. In this study, we com-
bine mtDNA barcoding and KASP genotyping
of 24 species-diagnostic nuclear DNA SNPs
(single nuclear polymorphisms) from across the
genome to delineate the hybrid zone, determine
its width and characterise its dynamics.

Materials and methods
Sampling and DNA extraction

We included 383 Triturus individuals from 172 localities,
with a maximum of three individuals per locality (Fig. 1;
sample details in supplementary table S1). We obtained
41 DNA samples (with already established mtDNA hap-
lotype) from previous studies (Wielstra et al., 2013, 2019,
2021); the remainder was newly collected. DNA was
extracted using the Wizard® Genomic DNA purification kit
(Promega). In the Czech Republic the T. cristatus range
approaches the northern side of the hybrid zone between 7.
carnifex and T. dobrogicus. To reduce the chance of genetic
admixture with that third species, we only included sam-
ples that do not show genetic admixture with 7. cristatus
based on a panel of microsatellites (Mikulicek et al., 2012;
Mikulic¢ek, unpublished data).

MtDNA barcoding

We amplified a 658 bp fragment of the ND4 (NADH
dehydrogenase subunit 4) mtDNA gene using the primers
KARF4 and KARR1 (Wielstra et al., 2013). PCRs were
performed in 12 ul reactions. These contained 0.06 ul of
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Figure 1. Distribution map and genetic composition of localities for the Italian (Triturus carnifex) and Danube (7. dobrogicus)
crested newt. Background colours indicate a rough outline of the geographic ranges of different Triturus species (T. carnifex
inred, T. dobrogicus in blue and T. cristatus in brown). The large (outer) pie charts represent the proportion of 7. carnifex (red)
and T dobrogicus (blue) nuclear DNA alleles based on 24 nuclear DNA SNP markers (details in table S1 in the Supplementary
material). The small (inner) pie charts represent the proportion of 7. carnifex (red) and T. dobrogicus (blue) mtDNA based on
the ND4 gene; grey reflects failed mtDNA sequencing. We also identified two highly distinct haplotypes (white) that appear
to reflect ‘cryptic pseudogenes’ (see Discussion). The solid black line represents the inferred centre of the hybrid zone, where

genetic admixture is interpolated to be 0.5.

each primer (0.05 uM end concentration), 6 1 Qiagen mul-
tiplex PCR master mix, 4.88 ul purified water and 1 ul
of DNA extract. PCR conditions were: a hot start for 15
minutes at 95°C, followed by 35 cycles of denaturation for
30 seconds at 95°C, annealing for 1 minute at 55°C and
extension for 1 minute at 72°C, and extension at 72°C for
ten minutes. Sanger sequencing was outsourced to Macro-
gen (Amsterdam, The Netherlands). The sequences were
edited and trimmed in Geneious Prime 2025.0.2 (https:/
www.geneious.com).

The sequences were aligned against a database of Tritu-
rus ND4 haplotypes (Wielstra et al., 2013). To determine the
corresponding haplotypes (if any) of the newly sequenced
individuals in our database, we used the ‘DNA to haplotype
collapser and converter’ function in FaBox (Villesen, 2007).
To determine to which Triturus species any new haplotypes
belonged, we conducted maximum likelihood phylogenetic
inference using the IQ-TREE webserver (Trifinopoulos et
al., 2016). We used Calotriton asper as an outgroup and
also included haplotypes representing two marbled and
five additional crested newt species (taken from Wielstra

et al., 2010). We used ModelFinder (Kalyaanamoorthy et
al., 2017) to determine the most appropriate partitioning
scheme and model of sequence evolution (TPM2+F+G4
for codon 1, HKY+F+I for codon 2 and TN+F+G4 for
codon 3). To determine branch support we used 1,000 ultra-
fast bootstrap replicates (Hoang et al., 2017). Individuals
that carried mtDNA of T. cristatus, which both focal species
meet at the northern end of their ranges (Fig. 1), were
removed from downstream analyses.

We identified two highly distinct ND4 haplotypes in
several individuals (see Results), which we confirmed by
resequencing at a different sequencing company, BaseClear
(Leiden, The Netherlands). Therefore, we also amplified
a 1,035 bp fragment containing the entire ND2 (NADH
dehydrogenase subunit 2) mtDNA gene, using the primers
L3780 and H5018 (Babik et al., 2005). We conducted
phylogenetic inference for ND2 as above (with selected
models being K3Pu+F+G4 for codon 1, TN+F+I for
codon 2 and TN+F+G4 for codon 3). Note that haplotypes
for Calotriton asper and the two marbled newts are two
triplets longer and we removed these 6 bp from our analysis.
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SNP identification from target capture data

For SNP marker design we followed the procedure of
Meilink et al. (2025). First, to obtain genome-wide data, we
followed the target capture protocol NewtCap (de Visser et
al., 2025a). We included 11 T. carnifex and 11 T. dobrogicus
individuals, covering the entire distribution range (sample
details in table S1 in the Supplementary material). Data for
nine of these 22 individuals were available from other stud-
ies (Wielstra et al., 2019; de Visser et al., 2025b) and the
remainder was newly generated (sample details in table S2
in the Supplementary material). In brief, libraries were con-
structed using the NEB Next® Ultra™ II FS DNA Library
Prep Kit for Illumina (New England Biolabs, Ipswich, MA,
USA). Target capture was then performed with a custom
probe set that targets 7139 exons based on Triturus tran-
scriptome data (MyBaits v4.0 kit, Arbor Biosciences Ref.
No. 170210-32; Wielstra et al., 2019). Sequencing was
conducted by BaseClear (Leiden, The Netherlands) on the
NovaSeq 6000 platform (Illumina, San Diego, CA, USA)
using 150 bp paired-end sequencing. We retrieved a mean
of 5 533 554 read pairs per sample (range 2 710 747-9 933
423 million).

Upstream bioinformatics closely followed the NewtCap
pipeline (de Visser et al., 2025a) and cleaned reads were
mapped to a reference set of 7139 T. dobrogicus sequences.
We filtered raw VCEF files to include only bi-allelic single
nucleotide polymorphisms (SNPs) with a mapping quality
greater than 10 using VCFtools version 0.1.16 (Danecek
et al.,, 2011). Next, the -consensus function of BCFtools
version 1.18 (Danecek et al., 2021) was used to gener-
ate sequences in FASTA format for each sample. For each
of the two species, we imported and aligned the available
sequences and built consensus sequences for each marker.
Sites that showed intraspecific variation were denoted with
the appropriate IUPAC code. Samples had a mean of
97.68% coverage (min = 93.86%, max = 98.53%), with
a mean depth of 85.1x (min = 23.05x, max = 191.55x%).
We then aligned the consensus sequences for 7. dobrogicus
and T. carnifex to identify presumed species-specific SNPs
in Geneious Prime v2025.0.3 (https://www.geneious.com)
after confirming the diagnosticity of these SNPs in the raw
reads in IGV version 2.12.3 (Robinson et al., 2011).

The position on the genome of 4226 exons is known,
based on a Triturus linkage map (France et al., 2025). We
designed primers to target SNPs for 24 of these markers: two
on each of the 12 chromosomes, one near the ‘beginning’
(at approx. 25% of the total map length of the chromosome)
and one near the ‘end’ (at approx. 75%). Primers for the
24 SNP markers (details in table S3 in the Supplementary
material) were designed in Kraken 23.11.7 (LGC Biosearch
Technologies).

KASP genotyping

SNP genotyping was conducted using KASP (Kompetitive
Allele-Specific PCR), which involves fluorescence-based
genotyping (Semagn et al., 2014). For each marker for each
individual, the SNP variant present is determined in uni-
plex assays. These assays include a common reverse primer
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and two allele-specific forward primers that have a final
base complementary to one of the two potential SNP vari-
ants. The allele-specific primers also possess unique tail
sequences. Two distinctly fluorescently labelled sequences
present in the KASP master mix are complementary to each
tail sequence. While originally quenched, these labels are
activated when incorporated in subsequent PCR cycles, with
further cycling causing signal intensity to increase. Fluores-
cent signals are measured using a PHER Astar plate reader.
Depending on which signal is emitted, it can be determined
which SNP variant is present (both in the case of a heterozy-
gote). Genotypes were automatically called using Kraken
23.11.7 (LGC Biosearch Technologies), followed by visual
confirmation and manual correction when necessary (see
fig. Al in the Appendix for an example of plotted output).
Individuals with over 50% missing data were removed from
downstream analyses.

Hybrid index and geographical cline analysis

The hybrid index was calculated as the proportion of T.
dobrogicus alleles, averaged per locality. We fitted one-
dimensional geographical clines by transforming the two-
dimensional hybrid zone setting into a one-dimensional
transect as follows. Hybrid index values were interpolated
using the Akima package v.0.6-3.4 (Akima et al., 2025) in
R v2024.12.1 (R Core Team, 2025). The 0.5 contour of the
hybrid index was used to define the theoretical centre of the
hybrid zone. Next, minimal distances from each locality to
the centre of the hybrid zone were calculated with the R
package geosphere v1.5-20 (https://cran.r-project.org/web/
packages/geosphere/index.html), assigning negative values
to T. carnifex and positive values to T. dobrogicus. Geo-
graphical clines were then fitted for 24 nuclear SNP mark-
ers, mtDNA, and the hybrid index using the R package
HZAR (Derryberry et al., 2014). Allele frequencies were
calculated as the proportion of 7. dobrogicus alleles per
individual and averaged per locality. For each marker, five
cline models of different complexities were tested, namely
no tails (typN), left tail only (typL), right tail only (typR),
mirrored tails (typM), and independent tails on both sides
(typB), with frequencies fixed at the ends of the cline to 0
for pure 7. carnifex and 1 for pure T. dobrogicus. All models
estimated the cline centre and the cline width, while those
with tails additionally estimated the tail slope (7) and the
distance from the cline centre to the tail (§). Model con-
vergence was assessed using trace plots and model selec-
tion was based on the lowest Akaike Information Criterion
(AICc). Because geographical cline models draw informa-
tion from adjacent populations, the effect of small per-site
sample sizes on overall cline estimation is limited.

Effective selection

Effective selection was estimated following Barton and Gale
(1993) using the R script provided by van Riemsdijk et
al. (2019), by comparing observed cline widths with those
expected under neutrality, using lifetime dispersal distances
inferred from admixture linkage disequilibrium based on
the hybrid index. Linkage disequilibrium was estimated
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from the variance in the hybrid index and allele frequen-
cies across markers (equation 2b in Barton and Gale, 1993).
Lifetime dispersal distance per generation (o) was esti-
mated, while accounting for both pre-metamorphic (7pre)
and post-metamorphic (npost) individuals in the total sample

set (n),as o = % * ,/er(z, + "pn—OSt * ,/er(z,/(l +r).
The recombination rate, r, was estimated as 0.431 following
equation 6 in Macholdn et al. (2007), considering that 7rit-
urus has 12 chromosomes, using 27.5 chiasmata based on
the average observed in T. carnifex (Wallace et al., 1997),
and setting ro to 0.001, D was the estimated linkage dis-
equilibrium at the cline centre, and w, the observed cline
width from the geographical cline analysis. Expected cline
width under neutrality was calculated using a generation
time of 3.5 years and a time since secondary contact of
12,000 years, following Wielstra et al. (2017b). Effective
selection was determined as s = (20/500)2 (Barton and
Gale, 1993). Scripts are available online at https://zenodo.
org/records/17094645.

Results
MtDNA barcoding

We obtained ND4 mtDNA sequences for 358
out of 383 individuals (summarized in table S1
in the Supplementary material). Six of these
possessed T. cristatus mtDNA (two different
haplotypes). Across the remaining 352 individ-
uals we found 30 T. dobrogicus haplotypes,
of which 15 were newly identified, and 27 T.
carnifex haplotypes, of which 22 were newly
identified. GenBank Accession numbers for
haplotypes are in table S4 in the Supplementary
material.

Cytonuclear discordance was most pronoun-
ced in the northern part of the hybrid zone
(fig. 1). We found mtDNA introgression of T.
dobrogicus into T. carnifex (as identified from
nuclear DNA data, see below) for five haplo-
types and the reverse for two haplotypes (fig. 2).
In the same region (locality 32 in fig. 1), we also
found a relatively distinct basal haplotype for T.
dobrogicus (Tdob43, see fig. 2).

We identified two highly distinct Triturus
haplotypes (T-?-01 and T-7-02, see fig. 2)
present in three 7. dobrogicus localities close
to the hybrid zone (localities 148, 158 and 168
in fig. 1). We confirmed that these sequences
translated properly, without stop codons, and
did not deviate in GC content. However, based

on the mtDNA marker ND2, these same indi-
viduals do not stand out and simply cluster with
T. dobrogicus (see the phylogeny in fig. A2 in
the Appendix).

KASP genotyping and hybrid index

After excluding six individuals that carried T.
cristatus mtDNA and another nine individuals
with over 50% missing data for KASP geno-
typing, we obtained data for 94% of the 24 x
374 = 8976 potential nuclear SNP genotype
calls (genotyping data provided in table S5 in
the Supplementary material). The theoretical
centre of the hybrid zone based on the 0.5 con-
tour of the hybrid index runs roughly south
to north, straight through Croatia, easternmost
Slovenia and Austria, up to the southernmost
part of the Czech Republic (fig. 1). Overall,
genetic admixture is geographically restricted
to close to the 0.5 hybrid index contour, but
it is more extensive in the northern section of
the hybrid zone, on the western side, in north-
eastern Austria (fig. 1).

Geographical cline analysis

The geographical cline based on the hybrid
index cline has a mean width of 3.08 km (fig.
3; details on selected models in table S6 in the
Supplementary material). The average of the
mean widths for the 24 nuclear DNA SNP mark-
ers is 9.6 km and for mtDNA the mean width
is 28.8 km. The confidence intervals for the
position of the centre overlaps for the mtDNA
marker and all but three nuclear SNP mark-
ers (SNP3, SNP9 and SNP24; fig. 3; table S6
in the Supplementary material) with those for
the hybrid index cline. Of the displaced nuclear
SNP marker clines, two are shifted towards 7.
carnifex and one towards T. dobrogicus. Inspec-
tion of the tail slopes shows that 15 out of
24 nuclear DNA marker clines, as well as the
mtDNA and hybrid index clines, exhibit shal-
lower slopes for the left compared to the right
tail, whereas two nuclear DNA marker clines
show the opposite pattern (fig. 3).
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Figure 2. Maximum likelihood phylogeny for the Italian (Triturus carnifex) and the Danube (7. dobrogicus) crested newt
based on the mtDNA gene ND4. The Calotriton asper outgroup is not shown. The inset shows a simplified phylogeny
including all crested newt species. Note the highly distinct haplotypes (T-?-01 and T-?-02) found in 7. dobrogicus. The red
and blue triangles represent the collapsed clade of all T. carnifex haplotypes (shown in detail in panel A) and T. dobrogicus
haplotypes (shown in detail in panel B). For T. carnifex (A) only the distinct Balkan mtDNA clade relevant to the present
study is shown in full, other clades are collapsed (red triangle). Haplotypes highlighted in purple are found introgressed in
the opposite species. In A and B ultrafast bootstrap support values >95 are denoted with an asterisk (*).

Effective selection

The average effective selection against hybrids
(s*) is estimated at 0.018. The lifetime dispersal
(o) is estimated at 0.209 km per generation. The
cline width under neutrality (w,) is estimated at
30.72 km.

Discussion
Delineation of a narrow hybrid zone

We delineate the hybrid zone between 7. dobro-
gicus and T. carnifex along its entire length,
based on genome-wide nuclear DNA data and a

mitochondrial DNA marker. The hybrid zone as
defined by the 0.5 contour of the hybrid index
runs from south to north, from central Croatia
through eastern Slovenia and Austria, up to the
south of the Czech Republic (fig. 1). The posi-
tion of the hybrid zone roughly corresponds to
the western boundary of the Pannonian Basin,
in line with the species having distinct ecologi-
cal preferences (Wielstra et al., 2012), with the
Danube crested newt being a lowland specialist
(Arntzen et al., 1997; Voros et al., 2016).

The geographical cline analysis reveals clines
that are generally concordant, sharing a steep,
narrow transition from one species to the other.
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Figure 3. Geographical clines for mtDNA, 24 nuclear DNA SNP markers and the hybrid index for the hybrid zone between
the Italian (Triturus carnifex) and Danube (T. dobrogicus) crested newt. The x-axis shows the distance in km with the black
tick marks indicating the position of sampled localities along the transect. The y-axis shows the allele frequency/proportion
from O (pure 7. carnifex) to 1 (pure 1. dobrogicus). The dotted line indicates the inferred centre of the hybrid zone at a
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(B) 13 nuclear DNA SNP markers, as well as the mtDNA and hybrid index cline, that show a shallower slope of the left tail
compared to the right tail, and panel (C) two nuclear DNA SNP markers that show a shallower slope of the right tail compared
to the left tail (although visually this is hard to discern). Three nuclear DNA SNP markers in orange have a centre for which

the confidence interval does not overlap with that of the hybrid index.




This sharp geographical turnover is in line
with a tension zone, maintained by a balance
between dispersal and selection against hybrids
(Barton and Hewitt, 1985; Barton and Gale,
1993). The steepness of the clines observed sug-
gests strong reproductive barriers and limited
gene flow between the two species, which is
reflected by the estimate of a relatively strong
effective selection against hybrids of s* =
0.018. Compared to other amphibian systems,
our findings fall between those showing weaker
effective selection, such as the toad species Bufo
bufo and B. spinosus (as low as 0.0022 in the
northern transect sampled, but a comparable
0.020 in the southern transect; van Riemsdijk
et al., 2023) and the two subspecies compris-
ing the golden-striped salamander Chioglossa
lusitanica (0.0063; Sequeira et al., 2022), which
exhibit wider and often displaced clines, and
those under stronger selection, such as Omma-
totriton newts (0.14; Kalaentzis et al., 2023) and
fire-bellied toads Bombina (0.17; Szymura and
Barton, 1986), where clines are coincident and
steep. Our estimate is similar to that reported in
another Triturus hybrid zone involving 7. ana-
tolicus and T. ivanbureschi (0.011; Wielstra et
al., 2017b).

Hybrid zone dynamics

In the south of the hybrid zone genetic admix-
ture is confined to close to the 0.5 hybrid index
contour, in line with a locally stable hybrid
zone. Yet, we notice that in the north of the
hybrid zone genetic admixture is geographically
more extensive and runs westwards from the 0.5
hybrid index contour (Fig. 1). Here, individu-
als regularly, and in some localities exclusively,
carry T. dobrogicus mtDNA. However, from
the nuclear DNA perspective these individuals
are predominantly 7. carnifex, albeit genetically
admixed with T. dobrogicus. This mtDNA intro-
gression from T. dobrogicus into T. carnifex is
in line with previous studies (Mikulicek et al.,
2012; Macat et al., 2019; Wielstra et al., 2021).
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Overall, the geographical clines are coinci-
dent, mostly exhibiting overlapping cline cen-
tres, and there is no obvious bias in the few
markers for which the clines are displaced (fig.
3). However, we do observe an asymmetry in
the slopes of the tails of the geographical clines:
the majority of nuclear DNA SNP markers, the
mtDNA marker and the hybrid index (which
is based on all nuclear DNA SNP markers
together) exhibit shallower left tail slopes. This
pattern reflects that there is more introgression
to the west of the hybrid zone.

The asymmetric introgression observed
would be expected under a scenario of local
hybrid zone movement, with 7. carnifex dis-
placing T. dobrogicus at the northern side of
the hybrid zone (Currat et al., 2008; Petit and
Excoffier, 2009; Wielstra, 2019). Alternatively,
an expanding population of 7. carnifex, already
genetically admixed with 7. dobrogicus, could
have transported T. dobrogicus alleles here via
‘allele surfing’ (Klopfstein et al., 2006; Currat
et al., 2008), without species displacement. We
cannot distinguish between these two different
scenarios and they are not mutually exclusive.
Species distribution modelling suggests neither
species was present in the relevant region at the
Last Glacial Maximum (Wielstra et al., 2013,
2021), so it depends on the extent to which
T. dobrogicus had already colonized the area
postglacially, as T. carnifex expanded its range
northwards around the Alps. Future work could
explore if T. dobrogicus alleles have moved
even further west, into an area that is clearly out-
side of the ecological amplitude of 7. dobrog-
icus (i.e. into foothills and mountains, beyond
the lowland to which T. dobrogicus is confined).

MtDNA structure and a ‘cryptic pseudogene’

The geographical genetic structure of mtDNA,
based on the ND4 gene, in both Triturus species
reveals a complex evolutionary history, close to
the present-day hybrid zone. While T. dobrogi-
cus mtDNA has been studied intensively before
(Voros et al., 2016; Wielstra et al., 2016), the
distinct Balkan mtDNA clade of T. carnifex has
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been relatively understudied (Canestrelli et al.,
2012; Wielstra et al., 2021). Therefore, the dis-
covery of many new 7. carnifex mtDNA haplo-
types is not surprising. However, we also uncov-
ered several new T. dobrogicus mtDNA haplo-
types. The rich genetic diversity observed sug-
gests that both species had a glacial refugium in
the neighbourhood of the hybrid zone (see also
Voros et al., 2016). This fits with the inferred
long-term hybrid zone stability in the area (see
above).

Furthermore, two highly distinct haplotypes
(T-2-01 and T-?-02) stand out that are found
in T. dobrogicus (localities 148, 158 and 168
in fig. 1). These cluster with the crested newt
species T. carnifex, T. cristatus, T. dobrogicus
and T. macedonicus, but bootstrap support is
not particularly high (fig. 2). At first glance this
fits the scenario of a ‘ghost lineage’, with these
haplotypes reflecting mtDNA captured from a
distinct, now extinct, Triturus lineage. The hap-
lotypes do not bear the hallmarks of a pseu-
dogene: there are no stop codons or frameshift
mutations (and only 3—4 non-synonymous sub-
stitutions) and their GC content does not devi-
ate from that of other haplotypes. However,
from the perspective of an independent mtDNA
marker, ND2, the affected individuals do not
appear genetically distinct at all (fig. A2 in the
Appendix). Therefore, we consider them ‘cryp-
tic pseudogenes’, i.e. pseudogenes that are not
readily distinguishable from functional mito-
chondrial DNA sequences.

Hybrid zone analysis with KASP genotyping

Our study illustrates that KASP genotyping pro-
vides a cost-effective and scalable way to tar-
get a limited set of species-diagnostic bi-allelic
SNPs, and rapidly screen a large number of
individuals, across many sites around a hybrid
zone between two species. Evidently, this pro-
vides sufficient genetic resolution to unveil gen-
eral aspects of the position, shape and dynamics
of the T. carnifex-T. dobrogicus hybrid zone.
However, if one is interested in more intricate
patterns that require orders of magnitude more

markers, such as subtle patterns of introgres-
sion, then other techniques become more appro-
priate. For Triturus we would recommend the
target capture approach NewtCap, with which
approx. 7000 genes can be sequenced (de Visser
et al., 2025a). An admittedly rough estimate is
that costs per individual and the time spent in
the laboratory and for analysis would increase
tenfold compared to those required for the small
panel of markers targeted in the present study.

Another consideration is that KASP geno-
typing is not geared towards studying admix-
ture between more than two species. Triturus
cristatus meets both T. carnifex and T. dobrog-
icus in hybrid zones (Mikulicek et al., 2012;
Arntzen et al., 2014; Wielstra et al., 2014;
Maciat et al., 2019). To minimize the influ-
ence of genetic admixture with T. cristatus,
we sampled away from the hybrid zones with
that species and excluded samples that carried
T. cristatus mtDNA. Additionally, the samples
from the Czech Republic, taken from the area
where the T. cristatus range approaches the
northern side of the hybrid zone between T.
carnifex and T. dobrogicus, do not show genetic
admixture with T. cristatus based on microsatel-
lites (Mikulicek et al., 2012; Mikulicek, unpub-
lished data). Therefore, the influence of admix-
ture with T. cristatus in our dataset, if any,
should be minimal. While separate SNP pan-
els, one for each possible pairwise comparison,
could be designed to study the three-way Tritu-
rus hybrid zone, this would defeat the purpose
of using KASP genotyping, which is supposed
to be efficient and cost-effective. Rather, for a
future study aiming to unravel the triad hybridi-
sation in Triturus, we again recommend Newt-
Cap (de Visser et al., 2025a).

Supplementary materials. Data is available on https:/
doi.org/10.1163/15685381-bjal0249 under Supplementary
Materials.
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Figure A2. Maximum likelihood phylogeny for Triturus newts based on the mtDNA gene ND2; the Calotriton asper outgroup
is not shown. This shows the phylogenetic position of a highly distinct ‘ghost lineage’, found introgressed into 7. dobrogicus.




