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Abstract

Genomic heterogeneity of divergence between hybridizing species may reflect
heterogeneity of introgression, but also processes unrelated to hybridization.
Heterogeneous introgression and its repeatability can be directly tested in natural
hybrid zones by examining multiple transects. Here, we studied hybrid zones be-
tween the European newts Lissotriton montandoni and two lineages of Lissotriton vul-
garis, with replicate transects within each zone. Over 1,000 nuclear genes located
on a linkage map and mitochondrial DNA were investigated using geographical and
genomic clines. Overall, the five transects were all similar, showing hallmarks of strong
reproductive isolation: bimodal distribution of genotypes in central populations and
narrow allele frequency clines. However, the extent of introgression differed be-
tween the zones, possibly as a consequence of their different ages, as suggested by
the analysis of heterozygosity runs in diagnostic markers. In three transects genomic
signatures of small-scale (~2 km) zone movements were detected. We found limited
overlap of cline outliers between transects, and only weak evidence of stronger dif-
ferentiation of introgression between zones than between transects within zones.
Introgression was heterogeneous across linkage groups, with patterns of heteroge-
neity similar between transects and zones. Predefined candidates for increased or
reduced introgression exhibited only a subtle tendency in the expected direction,
suggesting that interspecific differentiation is not a reliable indicator for the strength
of introgression. These hierarchically sampled hybrid zones of apparently different
ages show how introgression unfolds with time and offer an excellent opportunity
to dissect the dynamics of hybridization and architecture of reproductive isolation at

advanced stages of speciation.
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1 | INTRODUCTION

Understanding the effect of hybridization on interspecific diver-
gence is at the heart of speciation research (Abbott et al., 2013;
Seehausen et al., 2014). Introgression may differ between genomic
regions, depending on the strength of selection counteracting or
promoting genetic exchange (Baack & Rieseberg, 2007; Hedrick,
2013; Roux, Tsagkogeorga, Bierne, & Galtier, 2013). It was previ-
ously broadly accepted that genomic regions of elevated differenti-
ation experience reduced introgression because they contain genes
divergently selected between species and underlying reproductive
isolation (Turner, Hahn, & Nuzhdin, 2005). To identify such genes,
genomic differentiation has been characterized between many hy-
bridizing taxa (Ellegren et al., 2012; Poelstra et al., 2014). More re-
cently, however, it was pointed out that such islands of divergence
are not necessarily due to reduced introgression. Instead, they may
emerge under complete isolation in regions of low recombination,
where selection at linked sites reduces diversity more than else-
where in the genome (Burri et al., 2015; Cruickshank & Hahn, 2014;
Vijay et al., 2016; Wolf & Ellegren, 2017). Therefore, to reveal the
architecture of interactions between genomes of incipient species,
it is crucial to distinguish introgression from other processes that
produce similar patterns (Ravinet et al., 2017).

Hybrid zones are viewed as natural arenas where combinations
of mutations from different species are functionally tested. Hybrid
zones act on genomes as semipermeable membranes that prevent
flow of the genes involved in reproductive isolation and genes
linked to them, but allow relatively unimpeded introgression of ad-
vantageous alleles (Barton, 1979; Pidlek & Barton, 1997). Regions
that introgress more easily than the genomic background are likely
to contain adaptive variants (Fijarczyk, Dudek, Niedzicka, & Babik,
2018; Hedrick, 2013). Thus, hybrid zones provide unique opportu-
nity for direct investigation of genomic heterogeneity of introgres-
sion, while minimizing the effect of confounding processes (Harrison
& Larson, 2016; Payseur, 2010).

Both the strength and the genomic patterns of introgres-
sion may vary along a contact zone (Harrison & Larson, 2016;
Mandeville et al., 2017; Nolte, Gompert, & Buerkle, 2009; Teeter
et al., 2010). Therefore, investigation of multiple transects through
a zone is crucial to test repeatability of the genomic landscape of
introgression, which in turn informs about the architecture of iso-
lation across species' ranges (Harrison & Larson, 2016; Janousek
et al., 2012). However, to date the results of such studies have
not been conclusive. In many cases patterns were not concordant
between transects, with differences in extrinsic, environmental
factors or variable genetic architecture of reproductive isolation
commonly invoked as explanations (Harrison & Larson, 2016).
It has also been suggested that differences between transects
may arise from chance associations among incompatibilities (i.e.,
coupling) in various parts of the contact zone (Barton & De Cara,
2009; Bierne, Welch, Loire, Bonhomme, & David, 2011; Gagnaire,
Normandeau, Pavey, & Bernatchez, 2013). If either species exhib-
its genetic substructure, different evolutionary lineages would

hybridize in different parts of the contact zone. If some of them
harbour fewer alleles incompatible with alleles of the other spe-
cies, introgression could be easier, because of weaker intrinsic se-
lection against hybrids. Thus, intraspecific variation in the genetic
architecture of reproductive isolation may cause variable pat-
terns of introgression between species across their contact zone
(Cutter, 2012). Patterns of introgression may also be influenced
by demographic processes, such as neutral introgression from the
resident to the invading species (Currat, Ruedi, Petit, & Excoffier,
2008), which allows detection of hybrid zone movement (Wielstra
et al., 2017). Differences in introgression between transects may
also be due to differences in the age of secondary contact. The
longer the time since contact, the higher the chance for neutral
introgression but also for reinforcement to evolve. Whenever dis-
tinct intraspecific lineages hybridize in different regions of the
zone, hierarchical sampling with replicated transects within re-
gions is highly informative, as it allows the effect of lineage to be
separated from other processes.

Here we investigate two hybrid zones formed by the Carpathian
newt (Lissotriton montandoni, Lm) and the smooth newt (Lissotriton
vulgaris, Lv), and assess differences between the zones and re-
peatability within the zones by investigating introgression in rep-
licated transects (Figure 1a). The zones result from hybridization
between Lm and two distinct lineages of Lv (divergence ~1 mil-
lion years ago [Pabijan, Zielinski, Dudek, Stuglik, & Babik, 2017,
Zielinski, Nadachowska-Brzyska, Dudek, & Babik, 2016]): Lm hy-
bridizes with L. v. ampelensis within the Carpathian Basin (the IN
zone) and with L. v. vulgaris outside the Carpathian basin (the OUT
zone). Previous studies have suggested some spatial, temporal and
genomic heterogeneity of introgression (Stuglik & Babik, 2016;
Zielinski, Dudek, Stuglik, Liana, & Babik, 2014; Zielinski et al., 2016,
2013). Demographic models have suggested asymmetry of histori-
cal gene flow, predominantly into Lm, within the IN zone (Zielinski
et al.,, 2016). Heterogeneity and asymmetry of introgression were
also suggested by detection of two chromosomal blocks grouping
genes exhibiting segregation distortion in F, interspecific hybrids
(Niedzicka, Dudek, Fijarczyk, Zielinski, & Babik, 2017).

We use broad genomic and geographical sampling to address
four specific objectives: (a) test for differences in recent/ongoing
introgression between the two zones, (b) assess genomic clus-
tering of genes with similar patterns of introgression, (c) test if
introgression of genes highly differentiated between species or
showing segregation distortion in F, hybrids is restricted and (d)
test for increased introgression of previously identified putative
targets of balancing selection (Fijarczyk, Dudek, & Babik, 2016;
Fijarczyk et al., 2018). To address the first objective, we inves-
tigated genome-wide introgression in two transects through the
IN zone and three transects through the OUT zone. Geographical
heterogeneity of introgression was hypothesized to result from
intraspecific polymorphism of genes underlying reproductive iso-
lation within Lv (Zielinski et al., 2016). If the architecture of re-
productive isolation between Lm and the two Lv lineages differs,
then we would expect similar patterns of introgression between
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FIGURE 1 Sampling and general patterns of hybridization. (a) Transects and localities. Red dots—Lissotriton montandoni (Lm), green
dots—Lissotriton vulgaris (Lv), yellow dots—mixed populations or populations where hybrids were found. Circle size corresponds to sample
size. Genome-wide Q clines are shown for each transect; in the R transect, separate clines were fitted for each transition zone (R1-R3). (b)
Ordination of all individuals in the space of the first two principal components, based on genotypes in 2,849 SNPs. Individuals were colour-
coded according to the population type (Lm, Lv, mix) and the hybrid zone. The percentage of variation explained by principal components is
given in parentheses. (c, d) Distribution of hybrid index in each transect in all (c) and mixed populations (d) [Colour figure can be viewed at
wileyonlinelibrary.com]

transects within each zone but consistent differences between the highly differentiated genes is indeed restricted, they would mark

zones (Cutter, 2012; Seehausen et al., 2014; Teeter et al., 2010). To genomic regions currently associated with reproductive isolation

address the second objective, we tested if genes with restricted or
increased introgression cluster on the linkage map. For the third
and fourth objectives, we compared introgression of preselected

candidate genes to the genomic background. If introgression of

and/or those determining species-specific adaptations. A similar
logic applied to genes showing segregation distortion in hybrids.
Increased introgression of genes evolving under balancing selec-

tion would support the adaptive nature of their introgression.
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2 | METHODS

2.1 | Samples and markers

The study areais located at lower mountain elevations in the Eastern
Carpathians, where the ranges of the two species meet (Figure 1a).
Newts were sampled along five transects through two hybrid zones.
Lypcha (L) and Remetea (R) transects are located in the IN zone.
Remetea is a compound transect that spans three consecutive tran-
sition zones between Lm and Lv: R1, R2, R3 (Figure 1a). Drohobych
(D), Suceava (S) and Tazlau (T) are situated in the OUT zone. Within
each zone, the transects were separated by a minimum distance of
100 km. Such a sampling design should allow us to disentangle ran-
dom differences between transects from systematic differences in
introgression between the two zones. Adult newts were sampled in
water during the breeding season (March-May). The contact zone
was searched thoroughly and all identified breeding sites were sam-
pled. Individual ponds were treated as local populations. Samples
from ponds where both species or morphologically identifiable hy-
brids occurred were labelled as mixed. Tailtip biopsies were taken
and the animals were released afterwards. Tissues were stored in
96% ethanol and DNA was extracted using the Wizard Genomic
DNA Purification Kit (Promega).

Fragments of 1,233 nuclear genes and one mitochondrial pro-
tein coding gene were resequenced with Molecular Inversion Probes
(MIPs), following the protocol of Niedzicka, Fijarczyk, Dudek, Stuglik,
and Babik (2016). A total of 1,485 MIPs, each targeting 112 bp of
genomic sequence, were used (for details see Appendix S1), in most
cases a single MIP per gene. For all nuclear markers, Mendelian
segregation within families and a lack of departures from Hardy-
Weinberg (HW) expectations in pure populations of each species
were confirmed. Most of the genes (92%) were placed on the linkage
map (Niedzicka et al., 2017). Single nucleotide polymorphism (SNP)
calling was performed with GATK (details in Appendix S1). (Depristo
et al., 2011; McKenna et al., 2010) Only biallelic (i.e., meeting the
infinite sites mutation model) SNPs with <20% of missing data and
global minor allele frequency (MAF) 25% were used in analyses. The
analysis of mitochondrial DNA (mtDNA) was complicated by its ex-
tensive interspecific introgression, both historical and recent (Babik
et al., 2005; Pabijan et al., 2017; Zielinski et al., 2013). As a conse-
quence, all five distinct mtDNA lineages that occur in Lm and Lv in
Central Europe, and to some extent also haplotypes within lineages,
are shared between species. Depending on the geographical region,
species may be locally diagnosable in mtDNA or not. Therefore, we
applied transect-specific approaches for the analysis of mtDNA in-
trogression and such analysis was not possible in the R transect due

to negligible interspecific differentiation (details in Appendix S1).

2.2 | Genome-wide admixture, ancestry blocks and
age of the zones

We used AbpmixTure (Alexander, Novembre, & Lange, 2009) with
K = 2 to estimate the proportion of Lv and Lm ancestry for each

individual. Individual genome-wide admixture (Q) was treated as the
hybrid index, a continuous variable taking values from 0 (Lv) to 1
(Lm). When discrete admixture categories were required, individuals
with Q 2 0.9 were classified as Lm, those with 0.9 > Q > 0.1 as hybrids
and those with Q < 0.1 as Lv (Aboim, Mavarez, Bernatchez, & Coelho,
2010; Taylor, Anderson, Zavalaga, & Friesen, 2012). The average Q
was used as a proxy of the genomic composition of populations. To
assess differentiation between species and between zones we used
principal component analysis (PCA) in ADEGENET (Jombart, 2008).

The size of ancestry blocks in admixed genomes provides infor-
mation about the age of the hybrid zones and also about the genomic
architecture of reproductive isolation (Hvala, Frayer, & Payseur,
2018; Sedghifar, Brandvain, & Ralph, 2016; Sedghifar, Brandvain,
Ralph, & Coop, 2015). Although our genome-wide data were not
dense enough to confidently infer the length of ancestry blocks,
they were still useful to compare the relative age of the zones. In
each transect we estimated, for each individual with a minimum ad-
mixture of 0.01, the average length (in cM) of heterozygosity runs of
mapped diagnostic (Ap = 0.95) markers. The length of runs was then
compared between zones using a linear model in r (R Core Team,
2018), taking each individual's admixture (Q for Q < 0.5 or 1 - Q for
Q > 0.5) as a covariate.

2.3 | Environmental correlates

Environmental correlates of the Lm-Lv contact zone were analysed
over transects by logistic regression with Lv versus Lm as the de-
pendent variable and three preselected environmental variables as
candidate explanatory variables. A linear weighting factor was ap-
plied such that genetically pure populations, with Q-values at ei-
ther zero (Lv) or unity (Lm), had maximum impact at the expense of
fully admixed populations (Q = 0.5) that had no impact, while the
total population sample size was unaffected. Environmental data
considered were altitude, forestation and relief. These parameters
were chosen on the basis of our expert knowledge on the ecologi-
cal preferences of both Lissotriton species. Environmental data were
extracted from Google Earth imagery over a 200-m-radius circular
area around the sampling locality. Forestation was expressed as
arcsin-transformed per cent cover, altitude was in metres above
sea level (m a.s.l.) averaged over 25 regularly distributed point data
and relief was the variance of the altitude data. Explanatory vari-
ables entering the model were selected on the basis of the Akaike
information criterion (AIC) in spss 20 (IBM SPSS, 2011). Model fit was
expressed as the area under the curve (AUC) statistic. The selected
environmental models were compared with “geographical position

at the transect (km)” that served as a null model.

2.4 | Measuring introgression in hybrid zones

Introgression of individual markers was characterized using both
geographic and genomic clines, because these two methods provide
complementary information. Geographic clines follow the transi-
tion of ancestry from one species to another along a spatial, usually
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one-dimensional, transect, and cline parameters are expressed in
kilometres (Barton & Gale, 1993). Genomic clines measure intro-
gression of particular loci with respect to the genomic average, that
is, the individual's hybrid index (Gompert, Parchman, & Buerkle,
2012). Both methods are powerful and have been used widely,
but each has its advantages and limitations (Gompert, Mandeville,
& Buerkle, 2017). Geographic clines assume monotonic change in
allele frequency along the transect, which is often violated in mo-
saic hybrid zones. Geographic clines usually rely on diagnostic or
nearly diagnostic markers, which has been criticized as the source
of a potential bias (Payseur, 2010). In addition, the optimal scale for
geographic clines is not clear. Genomic clines overcome these limita-
tions, but they do not fully incorporate variation due to drift, which
may increase the incidence of false positives (Gompert, Parchman,
et al., 2012).

2.5 | Geographic clines—spatial patterns of
introgression

2.5.1 | Transects

Because sampled localities did not fall on a straight line and transi-
tion between species in the centre of the zone departed from smooth
clines, we used the approach of Yanchukov et al. (2006) to determine
the position of localities along a one-dimensional transect. First, we
obtained, using qais 2.8 (QGIS Development Team, 2016), the iso-
line representing the population average Q = 0.5 in two-dimensional
space. Second, we determined the shortest distance between each
locality and that line, and ordered the localities according to this dis-
tance, thus reducing the data to a one-dimensional transect. Finally,
we selected reference populations, located at the ends of each tran-

sect, to obtain allele frequencies in the parental species.

2.5.2 | Data

Within each transect, we limited the analysis of geographical clines
to genes with at least one SNP showing the allele frequency differ-
ence between the reference populations (Ap) = 0.6. The single most
differentiated SNP per gene was used. Nonrandom mating within
populations and influx of parental individuals to the zone cause non-
independence between alleles within the locus. To take this effect
into account, we adjusted sample sizes by calculating for each gene

in each population the effective sample size as N = 2N/(1 + F ).

2.5.3 | Cline models

Geographic clines were fitted with the r package HzAr (Derryberry,
Derryberry, Maley, & Brumfield, 2014). In Hzar 15 cline models are
available (plus a null model of no allele frequency cline). They dif-
fer in the number and combination of estimated parameters: there
are three options for allele frequencies at the ends of the cline and
five options to fit the cline tails. Allele frequencies at the ends of
the cline can be: (a) estimated, (b) fixed to the observed values or (c)

4815
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fixed to 0 and 1. Tail shape parameters can be as follows: (a) no tails
fitted—a single smooth cline equation describes the entire cline, or
tails modelled as exponential decay curves, (b) left or (c) right tail
fitted (introgression into a single species), (d) both tails as mirrors
(symmetric introgression into both species) or (e) each tail estimated
separately (asymmetric introgression into both species). All models
estimate the location of the cline centre (c) and the width (1/maxi-
mum slope, w) of the cline. The location of the cline centre informs
about the shift towards either species and allows us to detect asym-
metric introgression. Wider clines suggest increased introgression,
and narrower clines reduced introgression.

2.5.4 | Fitting and comparing clines

Because our main goal was to compare cline centres and widths be-
tween genes and transects, we reduced the complexity that could
result from selection of different cline models by fitting the same
model for all genes in all transects: namely the estimated allele fre-
qguencies at the ends of the transect and no tails. This model was first
compared to the null model of no cline. If the null model was rejected,
c and w values were compared to the average genome-wide cline es-
timated from the population average Q (the Q cline). Individual clines
were considered different from the Q cline if a model with the centre
or width refitted with parameter values of the Q cline had an AIC
score corrected for small sample size (AAICc) = 5. Such genes were
termed c- and w-outliers, respectively. Additionally, to test whether
the zones differed in the extent of introgression beyond the centre
of the transect, we compared (using the models with estimated al-
lele frequencies at the ends of the transect) the fraction of genes for
which clines with tails provided a better fit than the no tails model
(Szymura & Barton, 1986). Within the R transect clines were fitted

separately for the three transition zones.

2.6 | Genomic clines—genomic patterns of
introgression

Genomic clines estimate the probability of a locus-specific ancestry
with respect to the genome-wide admixture (Gompert & Buerkle,
2011; Szymura & Barton, 1986). A genomic cline has two parameters:
a describes an excess (if positive) or a deficit (if negative) of a spe-
cies (herein Lm) ancestry at a locus with respect to the genome-wide
average (individual's hybrid index), while  describes an increased (if
positive) or decreased (if negative) rate of transition in ancestry at a
locus compared to the genome-wide average. Loci with unusual pat-
terns of introgression can be identified as those that: (a) differ from
the genome-wide average, and (b) are statistically unlikely given
the genome-wide distribution of locus-specific introgression. If the
95% credibility interval of the posterior distribution of « or s for a
given locus does not overlap zero, introgression different from the
genome-wide average is inferred. If « or # estimates for a locus are
unlikely given the genome-wide distribution of locus-specific intro-
gression, we define such loci as a- and g-outliers, respectively. The
locus is an outlier if the posterior estimates of a or g are not included
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in g,, which is the interval bounded by n/2 and 1 - n/2 quantiles
of the normal distribution (O, 7), where 7 is the random-effect pre-
cision parameter, with n = 0.05 (Gompert, Parchman, et al., 2012).
Introgression different from the genomic average (a) can be caused
by both genetic drift and selection, whereas (b) outlier loci should be
more common in regions where selection is strong but most of the
genome evolves neutrally (Gompert, Parchman, et al., 2012). Thus,
outliers are more conservative indicators of differential introgres-
sion caused by selection and we focused on these to identify genes
with an unusual pattern of introgression.

In genomic cline analysis we used a model that accounts for link-
age between genes, implemented in the program scc (Gompert &
Buerkle, 2011, 2012). Before the analysis populations needed to be
assigned to one of three categories (two parental species and ad-
mixed). We made the assignment, for each transect separately, on
the basis of the average Q-value for the populations. Populations
with <3% admixture were classified as parental and the remaining
populations were pooled as admixed. Such pooling was justified, as
intraspecific genetic structure within transects was weak. The three
transition zones (R1-R3) in transect R were pooled in the analysis of

genomic clines.

2.7 | Comparison of geographic and genomic clines
within transects

Genomic and geographic clines were compared within transects
at the level of both outliers and parameter estimates. The overlap
between the following categories was tested using chi-squared test
with Yates's correction for continuity: (a) narrower w-outliers versus
positive p-outliers, (b) broader w-outliers versus negative g-outliers,
(c) c-outliers shifted to Lm versus negative a-outliers, and (d) c-outli-
ers shifted to Lv versus positive a-outliers. For each transect we also
calculated the Pearson correlation coefficient between w and p as
well as between the geographic cline shift and «. In transect R a sin-
gle set of genomic cline parameters calculated for the entire transect
was compared to parameters of geographic clines estimated sepa-

rately for each of the three transition zones.

2.8 | Comparison of introgression among
transects and zones

To compare the overall introgression between the zones, we first
tested for differences in the width of the genome-wide Q clines
between transects. A single cline was fitted to data from all lo-
calities (or all localities within each zone) and we tested whether
models with transect-specific cline widths fitted the data better
than the model with width estimated for the overall cline. Second,
we tested if the zones differed in the number of geographic and
genomic cline outliers. Generalized linear mixed models (GLMMs)
using the logit link function, with zone as a fixed factor, transect as
arandom factor nested within zone and gene as a crossed random
factor, were fitted using glmer in LMe4 (Bates et al., 2015). Third, to
test repeatability of introgression, we checked for the overlap of

geographic and genomic cline outliers across transects. Because
the lists of genes differed slightly between transects, significance
was tested with randomizations (10,000 replicates): in each repli-
cate, the number of genes equal to the observed number of outli-
ers were drawn at random from each transect and the number of
shared genes between each pair of transects was recorded. These
results formed the null distribution that we used to check whether
sharing of outliers within and between zones was higher than by
chance. Fourth, correlation between each pair of transects was
tested for the parameters of geographic (w, shift) and genomic (a,
B) clines for all genes.

2.9 | Genomic distribution of introgression patterns

Similarity between transects and zones in patterns of introgression
can be manifested at the level of individual genes, but also at the
level of genomic regions. To evaluate the latter, we tested whether
any linkage group was enriched for geographical or genomic cline
outliers. Significance was tested by shuffling (10* replicates) genes
between linkage groups. To test whether the values of cline param-
eters were randomly distributed within linkage groups, we used a
kernel smoothing and permutation test. This approach is similar to
that of Bruneaux et al. (2013) and Ozerov et al. (2016), but we used
the locpoly function within the kKErRNsMoOOTH R package as in Palomar
et al. (2017). With this approach, we took into account differences
in marker density and increased the statistical power for detecting
regions where several adjacent markers show exceptional patterns
of introgression (for details see Bruneaux et al., 2013; Ozerov et al.,
2016). For this analysis, we ran 10° permutations in r.

2.10 | Testing introgression of candidate genes

For four categories of candidate genes, we tested a priori expec-
tations about their introgression compared to the genome-wide
average (Fijarczyk et al., 2016, 2018; Payseur, 2010). Specifically,
we tested for: (a) increased introgression of putative targets of bal-
ancing selection (BS genes), (b) reduced introgression of genes with
elevated interspecific Fs; (Fs; genes), (c) reduced introgression of
genes with elevated absolute interspecific sequence divergence, dxy
(dxy genes), and (d) reduced and possibly asymmetric introgression
of genes showing segregation distortion (highly distorted markers) in
F, hybrids (HDM genes). Twelve single-copy BS genes were identi-
fied previously using two composite tests looking for an excess of
high-frequency nonsynonymous polymorphisms and an excess of
polymorphism over divergence (Fijarczyk et al., 2016). Forty-one
Fsr genes and 33 dxy genes were identified from transcriptome re-
sequencing of six Lm and six Lv individuals sampled to encompass
the genetic diversity of the species (Stuglik & Babik, 2016). HDM
genes identified in an F, hybrid family clustered in two blocks on
linkage groups (LG) 4 and 10 (Niedzicka et al., 2017). The pattern of
distortion was consistent with environment-dependent mortality of
F, carrying Lm alleles, suggesting a role of these blocks in reproduc-
tive isolation.
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First, we used the t test to check whether the estimates (average ~ B - . =
over all transects) of cline parameters w and g for candidate genes £ = 1 @ @
differed from those for the remaining genes; in the case of HDM, i - . H_B g
we also tested for the asymmetry of introgression (cline shift and f s g g g g 8 g 8 g
a departing from zero). Second, the Cochran-Mantel-Haenszel test _ %
was used to check for an excess of candidate genes among w-out- O o . @© ©
T & T T 2 =
liers with significantly wider (BS) or narrower (F¢;/dxy/HDM) clines, ‘_') ,‘:‘I ;I $ ? .5
among f-outliers with decreased (BS) or increased (F¢;/dxy/HDM) E N 238 =
rate of ancestry transition, as well as among c- and a-outliers (HDM). § % ;:" 9,: % %
Finally, also using the t test, we checked if Ap in candidate genes = N £
differed from that in other genes. _“g
© (9]
3 | RESULTS e 3 798 8
T|O < o N c &
Sy . . <| =2 8 28 3 S5
3.1 | Strong genome-wide isolation but variable z ;‘E“ Y S oo 2%
extents of introgression EIT S @82 3 -
We sampled and genotyped 1,930 individuals from 154 populations S Ny g S 288 g -:é:
in five transects through two newt hybrid zones (Figure 1; Table d S o o o :? %
S1). After quality filtering, 2,849 SNPs in 1,107 nuclear genes that a @ < ® o © % *f
met the criteria of MAF 20.05 and <20% missing genotypes were Bl ©C o C i ere e C: ;:8
included in the analyses. Overall, 2.2% genotypes were missing. ° 02’ :
Repeatability of genotyping, estimated for 75 replicated samples § © N N o ¥ © § i’
and excluding concordant reference sites, was 99.2%. 5 S8 Y°a8 S g .§
Contact between the two species was narrow in all transects wl> N ooy 0™ oo T‘g Lg“_
(Figure 1a; Figure S1), with the mean width of the genome-wide Q g MMM E g a
cline of 2.5 km, indicating an overall strong genome-wide isolation. g a : ; 2 ; g 3 g § % “85
However, patterns of hybridization differed between zones and Tg, ;5 % °
transects. A single cline fitted to the combined data from all tran- 7:, 2 K E E
sects, although still narrow compared to dispersal abilities of newts I§ § - % % 4 %
(w = 4.5 km), was significantly wider than most transect-specific 'g 2 0 @ < o o o o g § g
clines (Table 1). Also within zones transect-specific clines fitted the § " 2 E :_E “é
data better than a single zone-specific cline (Table 1). § ;%n oMY -Io % % = pu
The environmental parameters determining the location of tran- Glec 33 B T 8 8R § E S g
sition, selected, alone or in combination, were altitude (for transects: é E 1;: é
R1, R3, S, T), forest cover (D, R2, R3) and relief (L). However, in four S -2 s o & _ 3 O § 3
transects (R1-R3, S) a full species separation was achieved along the f %). % § m § <§ 8 % % é %
geographical axis, so that the null models outperformed or equalled ; 8' (u\ll_) é g I\.[.I? é z 5 i g %
the environmental models (Table S2). For all seven transects model eEs 8; % S, E'; g, % E, _ﬁ % o8
fit was in excess of AUC = 0.83. Lissotriton montandoni (Lm) was " 2T o ®m 0 ®m & 1 o E .g: E E)
found at higher altitudes than Lissotriton vulgaris (Lv) in environments E 5 % “q‘; ‘;
with higher forest cover. T‘: - 3 9 _ & E s ‘é i 5 :C),
Although mixed populations were found in all transects, as much 2 ;’ g = g BLE E 35 8 E TEJ % 5
as 38% of populations OUT were mixed compared to only 18% IN g: é RI 8' z : é é S' g 3 S g
(Figure 1a; Table S1), indicating rarer syntopy in the IN zone. Few in- §D o i S g g E 3 5 E § é :_% :_%
dividuals were strongly admixed (Figure 1b) and hybrids (i.e., individ- s © é & g 322 g N § % § «S
uals with 0.9 > Q > 0.1) were observed in a few localities. Although 5 - N “ ; g E ?ﬂ
the majority (54%) of hybrids were found in mixed populations, they E 5 Z -'.E 2 g
constituted only 1% (OUT) and 24% (IN) of newts there. The dis- E § ‘g %: g é
tribution of genotypes in mixed populations was highly bimodal in - ,'_3 2 2 20w - § Q % %
all transects except R, where the majority (53%) of newts in mixed w T_) g *}j %
populations were hybrids and “pure” Lm were rare (Figure 1d). c-n‘ g - . '5 '5 '5 ; % E §
A notable fraction (46%) of hybrids were detected in otherwise E == ==°c@c° 2 < § 32
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morphologically pure populations, but they constituted only 0.7%
(OUT) and 5% (IN) of individuals found there. Taking all populations
together the overall proportion of hybrids was low (5%), but they
were more common IN (9%) than OUT (1%,; Figure 1d), suggesting a
more extensive hybridization in the IN zone. The zones differed also
in the extent of introgression beyond the immediate contact (Figure
S2). Along both transects of the IN zone, many individuals with low
(0.03-0.1) genome-wide admixture were found: in the R transect al-
most all individuals had some admixture, while it was mostly limited
to the Lv side of the L transect. In contrast, few individuals in the
OUT zone showed any detectable admixture.

The per-individual average length of heterozygosity runs in diag-
nostic markers, a proxy for the introgression blocks, differed mark-
edly between the zones—runs were longer in the OUT zone (GLM,
p =18 x 107%), and their length increased faster with increased
admixture (GLM, p = 1.4 x 107, Figure 2a). Runs of several cM or
longer were observed in the OUT zone even in individuals with low
genome-wide admixture (Figure 2b). These data suggest younger hy-
bridization in the OUT zone.

3.2 | Geographical and genomic heterogeneity of
introgression

Allele frequency differences between the reference populations
(i.e., those at the ends of each transect) calculated for the most dif-
ferentiated SNP per gene (Ap) were higher OUT than IN (GLMM,
p=4x 1074, Table S3). Ap values were also more strongly correlated
between transects within than between zones (Table S3). The frac-
tion of genes with at least one highly differentiated (Ap = 0.6) SNP
was higher OUT (74%) than IN (57%). Although the difference could
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251
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Individual admixture

partly be a consequence of identification of markers, the randomly
picked markers (see Appendix S1) followed the same pattern: the
difference was lower (65% OUT vs. 53% IN), but highly significant
(randomization test p < 107%). Thus, interspecific differentiation is
notably lower in the IN zone.

For 97% of the genes (the average for all transects), the width and
centre of geographic clines did not differ from these of the Q cline.
The fraction of w-outliers did not differ between zones (GLMM,
p =.72), while the fraction of c-outliers was higher in the OUT zone
(4.7% vs. 1.9%, GLMM, p = .009). Numerous c-outliers were found in
transects D, L and S (Figure S3) and in each case strong asymmetry
was detected—in transects D and L most c-outliers were shifted to-
wards Lv (chi-squared test, p = 1.3 x 107 and 2.0 x 107°), whilein S a
shift to Lm predominated (p = 5.4 x 107'%). Note, however, that in ab-
solute terms the shift was small, generally <2 km (Figure S3). In three
out of four transects where an mtDNA cline could be fitted, it did not
depart from the Q cline—only in the L transect was the mtDNA cline
wider than the Q cline and shifted towards Lv (Table 1). Variation
between genes in estimates of cline parameters was higher in the IN
zone (Table 1; Figure 3; Figure S3). Models with cline tails had better
fit for 20% of genes in the IN zone and 25% in the OUT zone.

Differences between the zones were apparent in genomic
clines (Table S4). Considering an excess of ancestry (a), measured
as significant departure from zero, only 3% of genes differed from
the genomic average in the OUT zone, versus 32% in the IN zone.
Fewer genes were identified as a-outliers, but these also were more
frequent in the IN zone (7.6% vs. 2.6%, GLMM, p = 1.1 x 107*°). No
systematic excess of either species ancestry was found. The rate of
transition in ancestry (p) differed from the genomic average for 63%
of genes IN and 31% OUT, and the fraction of g-outliers was also
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FIGURE 2 Length of heterozygosity runs in diagnostic markers. (a) Relationship between an individual's admixture and its average
length of heterozygosity runs for all individuals with at least 1% admixture. The two zones were colour-coded; regression lines for individual
transects are in grey. (b) Distribution of length of heterozygosity runs for various admixture classes; all runs, not per individual averages,
were summarized [Colour figure can be viewed at wileyonlinelibrary.com]
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higher in the IN zone (9.4% vs. 5.7%, GLMM, p = 9.4 x 107), indi-
cating a more uniform rate of transition OUT. It is important to note
that the results for genomic clines remained qualitatively the same
for randomly picked markers (Table S4), suggesting that the analysis
of genomic clines was not biased by marker selection. Within tran-
sects the overlap between geographic and genomic cline outliers
was limited, especially between w- and g-outliers: after Bonferroni
correction the overlap was significant only in transect R3 between
the w-outliers with wider clines and p-outliers with reduced rate of
transition. More overlap was detected between geographic and ge-
nomic clines shifted to Lm (transects R2 and R3) or to Lv (transects
L and T). Estimates of the corresponding parameters of geographic
and genomic clines were significantly correlated in most transects,
although r did not exceed .4 in any case (Table S5).

Geographic cline outliers were generally transect-specific
(Figure 3) and only genes shifted to Lv were shared within the IN zone
more than expected by chance (Bonferroni-corrected p < .0012). In
addition, parameters of geographic clines were weakly correlated be-
tween transects—most coefficients were not significant, the highest
rreached .21 (p = 1.8 x 1078) for cline width and .22 (p = 6.3 x 107%)
for shift, in both cases between transects S and T (Table Sé). In ge-

nomic clines, g-outliers showed increased sharing within both zones,
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whereas a-outliers just within the OUT zone (Table S7). While shar-
ing of geographic cline outliers between zones was not significant,
genomic cline outliers (with increased and reduced rate of transition
as well as an excess of Lv ancestry) were commonly shared between
zones (all p < .0012). Considering all genes, the parameters of ge-
nomic clines were more strongly correlated between transects than
those of geographic clines (Table Sé). For «a all correlations within
zones were significant, although r reached only 0.25 (p = 7.3 x 107%%)
between transects D and S, while for g most r values exceeded .4
and all were highly significant (Table Sé). For all parameters of geo-
graphic and genomic clines, correlations between transects within
zones exceeded those between transects from different zones
(Table Sé). The last observation suggests similarity in architecture
of introgression within and differences between zones. However
weighting the overall evidence, the support for the differences in
the genomic architecture of introgression between the two zones
was limited.

Cline outliers were not randomly distributed in the genome
(Figures 3 and 4). Genes with narrower geographic clines were
underrepresented, while genes with a reduced rate of ancestry
transition (B < 0) were overrepresented on LG4 (permutation test,

all Bonferroni-corrected p < .03). Genes with an increased rate of
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FIGURE 3 Genomic distribution of geographic cline parameters. Outliers from the genome-wide Q cline are marked in red. (a)
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FIGURE 4 Genomic distribution of genomic cline parameters. Outliers are marked in red. (a) Rate of transition in ancestry (p). (b)
Excess of ancestry with respect to the genome-wide average (a). Colour stripes indicate regions within linkage groups (LG) with an
overrepresentation of genomic clines: with decreased (blue) or increased (pale red) rate of ancestry transition in (a), an excess of Lissotriton
montandoni (Lm, pale red) or Lissotriton vulgaris (Lv, blue) ancestry in (b) [Colour figure can be viewed at wileyonlinelibrary.com]

ancestry transition (3 > 0) were overrepresented on LG2 and LG5 and
underrepresented on LG4 and LG9 (all p < .04). There was a strong
excess of geographic clines shifted to Lm on LG1 and of genes with
an excess of Lv ancestry on LG12 (both p <.0024). Finally, genes with
an excess of Lm ancestry were underrepresented on LG9 (p < .02).
Heterogeneity of introgression patterns was also detected within
linkage groups, but there was little concordance between transects
except for a single region on LG1 in transects S and T (Figures 3 and
4).

3.3 | Candidate genes are poor predictors of
introgression

Genes with an increased interspecific Fg; showed a tendency for
an increased rate of ancestry transition (t test, p = .011) and were
overrepresented among g > O outliers (Mantel-Haenszel test,
p =.039), while dxy genes tended to have narrower clines (p = .020,
Table S8) and were also overrepresented among w-outliers with
narrower clines (Mantel-Haenszel test, p = .022). Fo; genes had
Ap higher and BS genes had Ap lower than the remaining genes
(both p = .0004, Table S8). However, because Ap did not correlate
with cline width (Table 1), such differences are difficult to inter-
pretin the context of contemporary introgression. HDM genes had
clines significantly shifted towards Lm (t test, p = .0032). BS genes
showed similar patterns of introgression as other genes. Thus, al-
though a tendency in the expected direction was observed in some
cases, the overall differences in introgression between candidate
genes and the rest of the genome were moderate and not consist-

ent between measures.

4 | DISCUSSION
4.1 | Extent of introgression and the age of the
zones

This study analysed hybrid zones between the newts Lissotriton
montandoni and two distinct evolutionary lineages of Lissotriton
vulgaris, with replicate transects within each zone, to assess repeat-
ability of introgression between and within zones. Such hierarchical
sampling should allow us to disentangle systematic differences be-
tween zones from random variation between transects (Janousek et
al., 2012). Overall, all transects were similar—allele frequency clines
were narrow compared to the dispersal capabilities of newts (Smith
& Green, 2005) and hybrids were uncommon, indicating strong re-
productive isolation, due to assortative mating (Babik, Szymura, &
Rafinski, 2003; Michalak & Rafinski, 1999) and possibly low fitness
of hybrids. Local variation in environmental factors had some modu-
lating effect on the characteristics of individual transects, but en-
vironmental associations were relatively weak compared to spatial
position within the transect.

However, the zones did differ in the extent of admixture and intro-
gression beyond syntopy, which were stronger in the IN zone. Such dif-
ferences could reflect biological differences between the two lineages
of Lv, affecting the strength or other characteristics of reproductive
isolation with Lm. Some, albeit weak, support for such differences is
provided by stronger correlation of cline parameters between tran-
sects within than between zones. However, the length of heterozy-
gosity runs in diagnostic markers suggests that longer hybridization in

the IN zone contributes to, or may even be sufficient to explain, the
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differences in the extent of introgression. Our sampling of the genome
was not dense enough to allow a formal analysis of the distribution of
the length of introgression blocks to estimate the time of admixture
(Racimo, Sankararaman, Nielsen, & Huerta-Sanchez, 2015; Sedghifar
et al.,, 2016, 2015). Nevertheless, the differences between the zones
were large enough to be detectable with the available density of
markers. Ongoing hybridization complicates the use of the length of
introgression tracts to compare the age of the contact, because the
length of the tracts depends also on details of demographic history as
well as the architecture of reproductive isolation (Hvala et al., 2018),
information difficult to obtain in natural systems. As a consequence,
we cannot rule out the possibility that demographic and biological
differences between the zones affected observed differences in the
length of introgression tracts. However, longer hybridization in the IN
zone remains a plausible and probable explanation, especially in the
light of biogeographical evidence—long-term persistence of Lv in the
Carpathian Basin, in close proximity to the range of Lm (Babik et al.,
2005; Pabijan et al., 2017).

A further aspect of the spatiotemporal dynamics of hybridiza-
tion is the stability of the location of the hybrid zones. Hybrid zones
can move surprisingly large distances and do so surprisingly often
(Buggs, 2007; Wielstra, 2019). In this study we also found some
indication of hybrid zone movement: in transect L, evidence from
both nuclear markers and mtDNA suggests expansion of Lv into the
area formerly inhabited by Lm, while in D and S nuclear markers sug-
gest expansion of Lv and Lm, respectively. The spatial scale of these
shifts, however, was small, on the order of ~2 km, not comparable
to hybrid zone movement of several 100 km reported in the liter-
ature for Triturus newts, for example (Wielstra et al., 2017). Similar
small-scale movements related to local de- and reforestation were
previously suggested, based on patterns of mtDNA introgression, in
an Lm-Lv hybrid zone in southern Poland (Babik et al., 2003). The
relative stability of the location of the hybrid zone may be related to
narrow ecological requirements of Lm, which is strongly associated
with Carpathian-type beech forests (Zavadil, Pialek, & Dandova,
2003), determining the location of the zone within this ecotone.

Previous work on mtDNA phylogeography and nuclear gene
genealogies (Babik et al., 2005; Pabijan et al., 2017; Zielinski et al.,
2016, 2013) has testified to a long history of genetic exchange be-
tween Lm and Lv, the hybrid zones of which studied here appear
to be a recent manifestation. Note that multiple lines of evidence
suggest more extensive genetic exchange between species within
the Carpathian Basin, where the IN zone is located. Whether this
is due to biological features of the Lv lineage occurring there, envi-
ronmental factors that have allowed more extensive, longer contact
between the species there, or both is an interesting and open ques-
tion that could be addressed using landscape genomics approaches.

4.2 | Geographical and genomic heterogeneity of
introgression

The age of the zones may explain most observed differences in the
extent of introgression, although biological differences between
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the evolutionary lineages of Lv that hybridize with Lm could still be
manifested at the level of individual genes, genomic regions or entire
chromosomes. Looking at cline outliers, we found generally more
of these in the IN zone, which can be explained by a longer period
of hybridization. However, the outliers showed limited overlap be-
tween transects and limited evidence for higher similarity between
transects within a zone than between zones. Thus, either processes
governing introgression of particular genomic regions are determin-
istic, but largely transect-specific, or geographical heterogeneity
reflects random variation in the width and location of clines. Such
random variation can be caused by drift and may lead to the detec-
tion of false outliers (“cline wobbling,” Polechova & Barton, 2011).

Introgression was heterogeneous across the genome, with the
patterns of heterogeneity broadly similar between transects and
zones. Most notably, more extensive introgression was inferred
on LGA4. Lissotriton newts have poorly differentiated, recombining
sex chromosomes (Zbozen & Rafinski, 1993) so we were not able
to test for reduced introgression of X-linked genes, a phenomenon
observed in multiple studies (reviewed by Payseur & Rieseberg,
2016). Overall, we did not find much evidence for systematic differ-
ences in reproductive isolation between Lm and the two lineages of
Lv involved in hybridization in the IN and OUT zones. The genomic
barrier to introgression is strong but its strength appears somewhat
variable throughout the genome and rather similar in various parts
of the contact zone. Accordingly, our results did not confirm earlier
suggestions of differences in the genomic architecture of reproduc-
tive isolation between Lm and the two lineages of Lv (Zielinski et al.,
2014, 2016). Yet such differences may exist at finer genomic scales
and their detection would then require sampling of the genome at
higher resolution.

4.3 | Introgression of candidate genes differs little
from the genomic average

Several categories of genes were selected a priori to compare in-
trogression between them and the rest of the genome. Candidates
with an expected increase and an expected reduction of introgres-
sion level were both included. Although a tendency in the expected
direction was found in some cases, in general the differences were
subtle and could not establish consistent differences between can-
didates and the remaining genes. We found a significant geographi-
cal cline shift towards Lm in HDM genes, which is in agreement with
the direction of segregation distortion in F, hybrids (Niedzicka et
al., 2017). In laboratory F, hybrids with HDM, Lm alleles showed in-
creased, probably environment-dependent mortality, so introgres-
sion of Lv alleles into the Lm part of the zone could be expected.
We found much lower divergence but no evidence for increased
introgression in BS genes compared to the genomic background. It
is thus possible that these genes do not currently introgress more
easily, but it is also possible that introgression extended beyond the
scale of our sampling, making its detection difficult with the use of
cline analysis. Indeed, we found in the IN zone pervasive introgres-
sion of major histocompatibility complex (MHC) genes, a prime target
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of balancing selection, although cline parameters for MHC were not
distinguishable from the genome-wide Q cline (Dudek, Gaczorek,
Zielinski, Babik, 2019). Overall, our data indicate that genes at the
tails of the genome-wide distribution of divergence between species
only occasionally are found in the tails of the introgression—as pre-
dicted if processes other than introgression dominated the buildup
of genomic differentiation between hybridizing species (Wolf &
Ellegren, 2017). In addition, evidence from other hybrid zones is
mixed with a tendency for reduced introgression of highly differ-
entiated genes found in some studies (Gompert, Lucas, et al., 2012;
Parchman et al., 2013) but little or none in others (Hamilton, Lexer,
& Aitken, 2013; Larson, White, Ross, & Harrison, 2014; Nolte et al.,
2009). Our study thus testifies to the power of hybrid zones as a tool
for testing hypotheses about differential introgression derived from

other sources.

5 | CONCLUSIONS

The analysis of multiple hierarchically sampled transects through
Lissotriton montandoni x Lissotriton vulgaris hybrid zones revealed
strong genome-wide isolation. However, despite this and despite an
apparently long history of genetic exchange, there is still room for
differential introgression and hybrid zones still act as selective fil-
ters. Thus, our work adds to the small but growing number of studies
that demonstrate heterogeneous introgression at advanced stages
of speciation. The differences between the zones in the extent of in-
trogression may probably be explained by the differences in the age
of current contacts. This allows us to study how introgression un-
folds with time in a single system, but at the same time complicates
the answer to the question about differences between the zones in
the genomic architecture of reproductive isolation. Fully addressing
this question would require the use of emerging powerful methods
based on the length distribution of introgression blocks. The studied
hybrid zones are an excellent system for such research as the time
of the contact, although different for the zones, is in both cases suit-

able for such analyses.
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