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Abstract

Speciation reflects the intrinsic power of nature to diversify. Naturally, the steps of speciation,
such as reproductive isolation or ecological niche separation, can take place in various orders
and time scales. Thereby, species delimitation is largely dependent on the applied species
concept which emphasize different steps of speciation. The two subspecies of the Green Whip
Snake Hierophis viridiflavus viridiflavus and H. v. carbonarius represent an interesting model
system to study speciation since they likely evolved isolated by distance during glacial
periods. So far little is known whether these two subspecies are reproductively isolated from
each other. Furthermore, it is unknown how the complete or partial melanism of the
subspecies carbonarius is regulated and why it occurs only in this eastern subspecies.
Therefore, we evaluated the amount of gene flow within two transects across the contact zone
of the subspecies with a genomic approach using double-digest restriction site-associated
DNA (dd-RAD). Our molecular sample included 133 individuals that were genotyped on
24,817 single nucleotide polymorphisms (SNP). Admixture analysis supports the existence of
two subspecies as well-defined clades. However, large gene flow within a cline of 300 km
was detected. We further provide insight into the associations between phenotypic characters
and genomic markers, as we quantified the proportion of yellow pigmentation and used
geometric morphometrics for a sample of about 50 highly admixed individuals. We conclude
that the two subspecies represent evolutionary significant units (ESU). Due to the amount of
gene flow in a very large area, it seems that post-zygotic reproductive barriers have not
evolved. It remains unclear whether these reproductive barriers will evolve in future or if the
contact zone will further expand and the two subspecies will undergo a species collapse. On a

taxonomic basis, we suggest continuing treating the two ESU as subspecies.
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Introduction

No matter how similar the term, species and speciation are two very different concepts. While
speciation is a continuous evolutionary process, species - the ultimate outcome - are treated as
distinct anthropogenic units. This discrepancy is central to the still ongoing debate about
suitable species concepts (Coyne & Orr, 2004; De Queiroz, 1998; Mayden, 1997). During
speciation distinct intraspecific lineages may acquire various properties that allows to delimit
them into species. These properties, such as reproductive barriers, distinct ecological niches or
morphological and genomic differentiation, can be acquired in various orders and at different
stages of the speciation process (De Queiroz, 1998, 2005, 2007; Kulmuni et al., 2020).
However, many of these species properties can be reversible and do not result in complete
reproductive isolation (Nosil et al., 2009). Postzygotic reproductive barriers are often less
common between in clades that evolved in geographic isolation, e.g., in separate glacial
refugia (Szymura & Barton, 1986) and may only evolve upon secondary contact, also called
reinforcement. Species that lay somewhere on this gradient between freely interbreeding and
being completely reproductively isolated are difficult to define taxonomically. Even though
they are often subject to disagreements between systematists who refer to different species
concepts, these species are excellent models to study speciation in progress. Furthermore,
taxonomy and species delimitation can have tremendous implications on conservation
approaches, such as the management of introduced species or the distribution of resources in

the protection of endangered species (Ryder, 1986).

In the past, varieties of species that lack reproductive isolation and show a parapatric
distribution pattern were commonly described as subspecies. Subspecies among each other
show an even less consistent level of differentiation than species due to the lack of an
unifying concept (Braby et al., 2012). As consequence, subspecies have become neglected in
the past decades to variable extent depending on the taxonomic group. This shortcoming of
the rank of subspecies might have led to a significant underestimation of genetic (and species)
diversity, impressively shown by the estimation that 36% of the global avian subspecies are
phylogenetically distinct (Phillimore & Owens, 2006). In the herpetological community,
subspecies are even less considered than in the avifauna, supported by molecular studies
rejecting subspecies that were exclusively defined based on morphology and / or restricted
distribution (Burbrink et al., 2000). However, it was shown that especially species with large
distribution areas are likely to harbour species complexes and their subspecies deserve more

attention (Reiserer et al., 2013). Only recently it was shown that three former subspecies of



the Common Grass Snake Natrix natrix s.l. represent well-defined genetic lineages with only
little hybridization within a narrow contact zone, which thus were elevated to the rank of
species (Kindler et al., 2017; Pokrant et al., 2016). Several other European snake species with
distinct intraspecific clusters await further phylogenetic examination as they might represent
species complexes, such as the Smooth Snake Coronella austriaca or the Green Whip Snake

Hierophis viridiflavus (Jablonski et al., 2019; Mezzasalma et al., 2015).

In fact, H. viridiflavus was subject to various studies in the past in regard of its ecology, but
also evolutionary history and systematics. Especially the specific status of the parapatric
subspecies carbonarius (Bonaparte, 1833), which differs from the nominate subspecies by
complete melanism (lack of yellow dots) has become a challenge regarding the current
taxonomy. Bruno (1980) suggested to elevate the subspecies carbonarius to species level due
to its locally sympatric but otherwise mostly parapatric occurrence with viridiflavus and
pholidotic differences, i.e. less ventral scales. Schétti and Vanni (1986) showed that melanotic
individuals of the subspecies carbonarius from southern and northeastern Italy have fewer
ventral scales than non-melanotic individuals of the subspecies viridiflavus. However, they
stated that the variation within these two subspecies outnumbers the differentiation between
the subspecies and especially the occurrence of intermediate phenotypes in the contact zones
appeared to be more complex. Therefore, they declared H. viridiflavus as single species and

dismissed any subspecies (Schétti & Vanni, 1986).

The first molecular analyses of H. viridiflavus revealed two clearly differentiated clades based
on a mitochondrial sequence and few anonymous nuclear markers tested on 22 individuals
primarily from Italy and some from southeastern France (Nagy et al., 2002). Since these
clades corresponded to the exclusive distribution ranges of the two subspecies, they declared
H. viridiflavus as not monotypic and revalidated H. v. carbonarius as subspecies (Nagy et al.
2002). The subspecies also show indications for different life histories, where clutch sizes in
individuals from southern Italy were smaller compared to intermediate and larger clutch sizes
of individuals from Tyrrhenian islands and France (Zuffi et al., 2007). It remains unanswered,
whether these differences could be just plastic in relation to additional ecological factors, such
as climate and food sources, or rather reflect genetic differences between the subspecies.
Covering most of the distribution area of H. viridiflavus, a more recent phylogeographic study
reported an average genetic divergence of 4% between the western viridiflavus and the eastern

carbonarius subspecies (Rato et al., 2009). However, the same study also found evidence for



incomplete lineage sorting with a single nuclear gene sequenced and an inconsistency
between the molecular clade assignment and the occurrence of melanotic individuals,
concluding that the clades are not separate species (Rato et al., 2009). This discordance was
also found in another study with more mitochondrial genes, where the mitochondrial markers
showed a clear differentiation between the western and the eastern clade but not the single
nuclear marker that was analysed (Mezzasalma et al., 2015). Further evidence for lineage
separation between viridiflavus and carbonarius was found, though, from geometric
morphometrics of the head pholidosis, i.e. shape and size of head scales, and differences in
the karyotype of the female’s W chromosome, being submetacentric in the eastern clade and
telocentric in the western clade (Mezzasalma et al. 2015). Concludingly the authors suggested
the split of Hierophis carbonarius from the nominal species (Mezzasalma et al. 2015).
However, the aforementioned study only used a sparse sampling in the contact zone between
the two clades along the Apennine mountains and had very limited power to detect gene flow
between the clades given the markers used. Consequently carbonarius has been considered as
a subspecies by taxonomists as long as no better resolution of the situation in the contact zone
would be available (Speybroeck et al., 2020). So far, investigations on the contact zone
between the western viridiflavus and eastern carbonarius subspecies were only done by very
few candidate genes that are thought to be involved in melanotic pattern (Sencuk et al. 2021).
While these markers indicated some introgression in the contact zone, no correlation between

the melanotic pattern with candidate genes was found.

Based on the history of systematic research on H. viridiflavus described above, the first goal
of this study was to evaluate to which degree genome-wide gene flow between the two
subspecies occurs, especially along the putative contact zones. In this context, we assessed
whether the phenotypic differentiation between the two subspecies, such as melanism, showed
a broad genomic footprint. As second goal, we investigated the genetic diversity within the
whole distribution area of the species to determine the putative origin(s) of allochthonous
populations in Switzerland (Meier et al., 2022). For that, we conducted an extensive sampling
in the contact zones of the two clades, emphasizing the northern contact zone where most of
the inconsistency between morphology and genetics has previously been found (Rato et al.
2009). To overcome the aforementioned issues associated with sampling only a few genes, we
generated a genome wide dataset using double-digest restriction-site associated DNA
sequencing (ddRADseq; Peterson et al. 2012). We expected to find a lot of gene flow between

the two subspecies (Ho), since various intermediate phenotypes in terms of melanism are



prevalent in large areas (Jagar, 2011; Rato et al., 2009; M. Zuffi, 2008). On the other hand,
strong genetic differentiation of tested mitochondrial genes suggests considerable lack of gene

flow - at least in the past - and likely could indicate the existence of reproductively isolated

clades (Hy).

Materials and Methods
Collecting samples

Based on the occurrence of the two subspecies viridiflavus and carbonarius (Mezzasalma et
al. 2015), we defined two transects across the known contact zones: 1) the Italian states
Piedmont-Lombardy—Emilia Romagna; 2) Umbria—Marche (Fig. 2C-D). Sampling took
place between March and June 2021. The sampling localities were as evenly distributed along
the contact zone as possible. We chose spots to search that matched with the habitat
preference of the species (Di Nicola et al., 2019; Heimes, 1993; Speybroeck et al., 2016),
especially warm, dry, south-exposed, and structurally rich habitats (Scali et al., 2008). Snakes
were searched by sight and caught by hand. Whenever available, likely hiding spots such as
corrugated metal plates were checked as well, especially in structurally poor habitats, such as

the plains in the Po valley, which are intensively used for agriculture.

We took a blood sample of 100 pl and 50 pul for adults and juveniles, respectively, from the
caudal vein (Bush & Smeller, 1978) and stored at room temperature in 0.9 ml Queen’s lysis
buffer (Seutin et al. 1991). In addition, two ventral scales were taken with scissors and stored
in 1 ml of pure ethanol. For each caught individuals we collected standard metrics such as
total length (TL), snout-vent length (SVL) and the weight. We determined the sex of the adult
individuals based on the shape of the tail basis and the head. We took standardized pictures of
each individual using a colour reference plate with an integrated ruler: 1) head dorsal view; 2)
head ventral view; 3) body mid length dorsal view; 4) body mid length ventral view; 5) whole

individual in dorsal view.

In addition, tissue samples from individuals found dead on the road were taken and stored in 1
ml pure ethanol. If these individuals were still in good condition, pictures were taken as
outlined above and the whole specimen was stored in pure ethanol. Sloughs found in the field
were also collected and stored dry at -20 °C. In total 80 samples (57 blood, 12 tissue, 11
sloughs) and eight samples (eight tissue) were collected in the northern contact zone and the

eastern contact zone, respectively (Supplementary File S1). Beside these fresh collected



samples from the contact zone, 146 tissue samples from reference material that was collected
from all over the distribution area was obtained from various museal collections
(Supplementary File S1). We further obtained samples of seven specimens of the closely
related Balkan Whip Snake Hierophis gemonensis as outgroup (Supplementary File S1). For
all samples (N=241), DNA was extracted using the Qiagen DNeasy kit (Qiagen, Zug,

Switzerland) following the manufacturer’s protocol.

Geometric morphometrics

Standardized images of head dorsal scales were used to conduct a geometric morphometrical
analysis in 56 individuals. All the pictures were combined to a TPS file using TPSUTIL (v.
1.8.1; Rohlf 2015). We set the identical 21 landmarks (Supplementary File S2 and Fig. 1) that
were used in previous studies on the H. viridiflavus (Mezzasalma et al. 2015) with TPSDIG
(v. 2.3.1; Rohlf 2015). The landmarks were then aligned by a Generalized Procrustes analysis
(function “gpagen”) and the shape similarity between specimens was investigated with a
principal component analysis (function “gm.prcomp”) in R (v.4.0.4; R Core Team, 2021)
using the package GEOMOPRH (Adams & Otérola-Castillo, 2013). We fitted a linear
regression between the principal component analysis axis 1 (PC1) of the geometric
morphometric data and the TL and extracted the residuals from this model to correct for

allometric shape differences.



Figure 1. Position of the landmarks (n=21), for geometric morphometric analysis of the head
pholidosis.

Quantification of melanism

We used standardized images of dorsal scales at mid body length to quantify the extent of
yellow pigmentation in 46 individuals. First, the pictures were processed in Adobe Lightroom
(v.11.0; Adobe, 2021) by correcting the white balance and colour setting using a colour
checker Pantone system and producing camera profiles for each image. Then the pictures
were cropped to a window with a width of 10 dorsal scales in the midline and the full body
width in the height of the image. Contrast and lightning were manually corrected to optimize
the visibility of the yellow pigmentation. The images were then split into colour clusters
(Supplementary File S3) in R (R Core Team, 2021) using the function “getKMeanColors”
form the package COLORDISTANCE (Weller & Westneat, 2019). The proportion of yellow
pigmentation was calculated by dividing the sum of the size of all colour clusters with RGB

values above R=0.3, G=0.35, B=0.35 by the sum of the size of all colour clusters.

Sequencing & genotyping

Samples with too low DNA concentrations or strong degradation on agarose gels were
omitted, resulting in a total of 148 retained for genotyping out of 241 samples. All remaining

individuals were genotyped using a double digest restriction-site associated DNA (ddRAD)



approach with the restriction enzymes EcoRI and Nla III. Library preparation and sequencing
was outsourced (CD-Genomics; New York, USA). Sequencing was performed on an
[llumina Novaseq 6000 with 150 bp paired-end reads. To obtain a sequencing depth of 10 M
reads per sample, some samples were sequenced two to three times. All raw data is available

through NCBI (BioProj PLACEHOLDER).

SNP calling

Using FASTP (v. 0.23.2; Chen et al. 2018), we removed poly-G tails and dropped reads with
more than 40% of the bases below a Phred quality score of 30. We mapped all retained reads
against the reference genome of the Corn Snake Pantherophis guttatus (Linnaeus, 1766)
(Ullate-Agote et al. 2014; NCBI: GCA_001185365.2) with BWA (v. 0.7.17; Li and Durbin
2009) following duplicate removal with SAMTOOLS (v. 1.14; Li et al. 2009). We then called
single nucleotide polymorphisms (SNPs) with BCFTOOLS (v. 1.12; Li 2011). Subsequently,
we filtered SNPs to be biallelic with a minimal depth of 6 per sample, a minimal GQ of 20
and applying a minor allele frequency filter of 0.03 with VCFtools (v. 0.1.16; Danecek et al.
2011). Samples with more than 65% missing data and SNPs that were missing in more than
50% of the samples were removed. This approach resulted in 24,817 SNPs for 134
individuals. One individual was excluded in further analysis due to unreliable sampling

location.

Molecular analyses

In order to search for subspecific clusters and evaluate their gene flow, we applied several
downstream analyses on the obtained molecular data set. We used ADMIXTURE (v. 1.3.0;
Alexander and Lange 2011) assuming one to ten genetic clusters (K = 1-10). We chose the
best model based on the lowest cross-validation value. In order to estimate the level of genetic
differentiation, we calculated Fsrt values between non-admixed individuals of the obtained
clusters using GENODIVE (v. 3.0.5; Meirmans 2020) with 1000 bootstrap replicates. We
further reconstructed a neighbour joining network using SPLITSTREE4 (v. 4.18.1; Huson and
Bryant 2006) for all retained individuals in order to understand the individual relationship
within the clusters. Furthermore, to characterize the contact zone we fitted simple sigmoid
cline models across all individuals in our data set (N=133). We used clade assignment as
dependent variable and calculated the distance from the putative contact zone (estimated
based on results from admixture) as independent variable in QGIS (QGIS.org, 2022). We
gave individuals from the western side of the contact zone negative indices in order to

separate them from those from the eastern side. Alternatively, we tested the distance from the
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westernmost individual independent variable. We calculated clines based on a maximum-
likelihood approach with the package HZAR (Derryberry et al., 2014) in R (R Core Team,
2021). We selected the best-supported model using the Akaike information criterion. Lastly,
we tested linear regression models to find associations between the phenotypic data, i.e.,
melanism and head morphometrics, and the assigned genetic cluster (clade assignment). To
identify SNPs that are directly or indirectly associated with the intensity of melanism, we
employed a genome-wide association study (GWAS) approach for the 40 genotyped
individuals for which we had complete phenotypic data. We used the proportion of yellow
pigmentation as phenotype and sex as covariate and built a covariate linear mixed model
implemented in GEMMA (v. 0.98.1; Zhou and Stephens 2012). Putative outlier SNPs were
identified with the package QQMAN (Turner, 2018) in R (R Core Team, 2021).
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Results

Population structure and admixture

The admixture analyses revealed that the model with two clusters was the best supported
(Supplementary File S4). With two clusters, all individuals sampled in the northern contact
zone were genetically admixed with a continuous gradient from the western carbonarius
clade towards the eastern viridiflavus clade (Fig. 2A, C). Furthermore, individuals from
Corsica, southern Vaud and Ticino in Switzerland were genetically admixed between these
clades. Non-admixed individuals were only found further west in France and northern Vaud
in Switzerland for the western clade and in north-eastern and southern-most Italy and Croatia
for the eastern clade (Fig. 2A). The Fst value between non-admixed individuals from the

eastern and western clade is 0.190.

Network analysis

The NeighborNet network fell into four broad groups: the non-admixed individuals from the
western viridiflavus clade, the non-admixed individuals from the eastern carbonarius clade,
the admixed hybrid viridiflavus x carbonarius individuals and the outgroup H. gemonensis.
The admixed hybrids are shown in the network as gradient between the two subspecies with
many additional splits (parallel lines connecting different branches) indicating ambiguities in

the network, which can be explained by hybridization and homoplasy (Fig. 3).

For individuals of the introduced range from Vaud in Switzerland (Figs 2B, 3), the network
analysis indicated that individuals from allochthonous populations in the south of Vaud (e.g.,
46431 and 46528) are clustering together with the individuals from Ticino (e.g., HIVIO05 and
HIVI006), suggesting that Ticino could be the origin of this introduction. Both the
populations from Ticino and southern Vaud are genetically admixed viridiflavus x
carbonarius. In contrary, individuals from populations in the north of Vaud (e.g., 41159 and
41162) are clustering together with individuals from France (e.g., BEV_11025 and

BEV _9093) and Geneva (2744 72), corresponding to the non-admixed viridiflavus

subspecies.
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Figure 2. Admixture results (K=2) based on 24,817 SNPs for 133 individuals. proportion of
clade assignment shown as pie charts (cyan = eastern clade, i.e., H. v. carbonarius; brown =
western clade, i.e., H. v. viridiflavus). A. whole data set. B. close-up to western Switzerland.
C. close-up to northern transect between Alessandria and Piacenza. D. close-up to eastern
transect between Perugia and Ancona. colored frames indicate the position of the close-ups in
panel A. bars indicate 200 km in A, and 40 km in B-D.
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Figure 3. NeighborNet split network with 274 splits (parallel lines connecting the branches). Orange = non-admixed individuals from the western Clade (= H. v.
viridiflavus). Yellow = non-admixed individuals from the eastern (= H. v. carbonarius). Green = admixed individuals between western and eastern clade (H. v.
viridiflavus x H. v. carbonarius). Purple = outgroup individuals (= H. gemonensis), branch was shortened to improve the visibility of the remaining network.
samples that clustered very close in the network were omitted in order to improve clarity of the network. Splits / ambiguities in the network are shown as parallel
lines connecting different branches in the network.

14



Cline models

In order to characterize the genetic gradient in the contact zone of the two genetic clades, we
fitted simple sigmoid cline models. Firstly, we fitted a cline model to the genomic data from
the admixture analysis against the distance gradient calculated from the westernmost
individual. The model was supported with an AIC of 36.4, the centre of the cline was
estimated at 788.9 km (95% CI = 708.3 — 862.9 km) and the width was estimated as 972.8 km
(95% CI=679.3 — 1323.1). However, admixture analyses (Fig. 2) revealed that the contact
zone does not strictly follow a west-east gradient but rather runs along the Apennine
mountains. Hence, we ran a second cline analysis using the closest distance to the putative
contact zone (Fig. 8). This model was much better supported with an AIC of 15.65. The
centre of the cline was estimated to be 21.1 km further westwards (95% CI =-43.4 km — 2.9
km). The width of the cline was estimated as 303.0 km (95% CI=195.1 km — 579.4 km).

Figure 8. A. Position of putative contact zone (orange line), drawn in QGIS based on admixture
results. B. Cline analysis with genomic admixture data and the distance from the putative contact zone
(orange vertical line). Individuals from the western side of the contact zone were assigned with
negative distances. The centre of the cline was estimated 21.1 km further westwards (95% CI =-43.4
km — 2.9 km). The width of the cline (light grey rectangle) was estimated as 303.0 km (95% Cl =
195.1 km — 579.4 km).

Geometric morphometrics colour analysis

We used 21 landmarks to analyse the pholidosis of the head in 56 individuals. Even though
the landmarks were aligned with a Generalized Procrustes analysis (Fig. 4B), the linear
regression between the PC1 of the Procrustes coordinates and TL of the snakes (Fig. 4A) was

highly significant (estimate = -635.98, SE = 88.54, P <0.0001) and explained 50.8% of the
15



variation due to allometric shape differences. We observed qualitatively that smaller
individuals had relatively shorter prefrontal and internasal scales, but relatively longer frontal

and parietal scales (Fig. 6B).
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Figure 4. A. Principal component analysis axis 1 of Procrustes values (PC1 GM) based on 21
landmarks on head pholidosis plotted against the total length (TL) of the individuals. A linear model
found a strong correlation between the total length and PC1 (estimate = -639.0, SE = 87.85, P <
0.0001, R? = 0.508). B. The generalised Procrustes values for the individual with the maximum (grey)
and minimum (black) PC1 value, indicating the maximal shape difference in head pholidosis.

We calculated the proportion of yellow pigmentation in a similar section of the individual for
46 adult individuals as approximation for the melanism. Most individuals ranged between 0 —
22% with a median of 7.1% (Fig. 7). Interestingly, we found two individuals with of an
aberrant colour morph, recognized by a much higher proportion of yellow pigmentation,
53.8% (Fig. 5A) and 48.4% (Fig. 5B). These individuals were excluded in all the linear
regression models due to their leverage as outliers (Figs 6—7). A linear regression between the
proportion of yellow pigmentation and the clade assignment was significant (estimate = -0.93,
SE = 0.40, p = 0.025). This model explained 12.5% (R?) of the variation. (Fig. 6B). Given that
only 1/8 of the variation in melanism is explained by clade assignment, it is less surprising
that we also found individuals at the same location with similar genotypes but very different

phenotypes (Fig. 5C).

To determine whether the two genetic clades have distinct head pholidosis, we further tested
linear regression models between PC1 of the geometric morphometrics of the head and the

clade assignment (estimate = -0.87, SE = 1.40, p = 0.54, R = 0.01; Fig. 6A), between the

16



residuals of the linear regression of the PC1 of the geometric morphometrics of the head and
the TL and the clade assignment (estimate = -9.10, SE = 14.55, p = 0.54, R? = 0.01; Fig. 6C)
and between the proportion of the yellow pigmentation and the residuals of the linear
regression of the PC1 of the geometric morphometrics of the head and the TL (estimate =
33.32, SE=38.27, p = 0.39, R?= 0.019; Fig. 6D). However, the tested models (Fig. 6A, C-D)

were not statistically significant and explained less than 2% of the observed variation.

Figure 5. Colour variation in four individuals from the contact zone. A. individual HV016, proportion
of yellow pigmentation = 48.41%, clade assignment = 64% western clade. B. individual HV036,
proportion of yellow pigmentation = 53.84%, clade assignment = 38% western clade. C. Two
individuals from the exact same location showing similar genetics but different morphology. Left.
individual HV054, proportion of yellow pigmentation = 2.17%, clade assignment = 35.6% western
clade. Right. individual HV053, proportion of yellow pigmentation = 18.7%, clade assignment =
36.0% western clade.
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Figure 6. Linear regression models between the clade assignment, the geometric morphometrics (GM)
of the head pholidosis and the proportion of yellow pigmentation. A. PC1 of the GM plotted against
the clade assignment based on admixture (K=2) results (estimate = -0.87, SE = 1.40, p = 0.54, R* =
0.010). B. Proportion of the yellow pigmentation plotted against the clade assignment based on
admixture (K=2) results (estimate = -0.93, SE = 0.40, p = 0.025, R?= 0.125). C. Residuals of the linear
regression between the PC1 of the GM and the total length plotted against the clade assignment based
on admixture (K=2) results (estimate = -9.10, SE = 14.55, p = 0.54, R* = 0.010). D. Proportion of the
yellow pigmentation plotted against the residuals of the linear regression between the PC1 of the GM
and the total length (estimate = 33.32, SE = 38.27, p = 0.39, R = 0.019). Only significant regression
models are shown as lines in the graphs. Images present the most extreme phenotypes for geometric
morphometric of the head pholidosis (A) and the proportion of the yellow pigmentation (B). Juveniles
(N=5) and individuals with a proportion of yellow pigmentation above 0.4 (N=2) were omitted in all
plots and models.
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Figure 7. Images of dorsal scale pigmentation after preparation for quantification of melanism.
Individuals displayed on image 1-46 with decreasing proportion of yellow pigmentation: 1. HV036,
53.84%; 2. HVO016, 48.41%; 3. HV037, 21.33%; 4. HV011, 19.44%; 5. HV053, 18.71%; 6. HV052,
18.02%; 7. HV007, 14.94%; 8. HV031, 14.58%; 9. HV010, 14.43%; 10. HV012, 14.42%; 11. HV035,
14.27%; 12. HV056, 14.06%; 13. HVO018, 13.53%; 14. HV008, 11.61%; 15. HV013, 11.19%; 16.
HV028, 9.88%; 17. HV009, 9.66%; 18. HV041, 8.74%; 19. HV020, 8.27%; 20. HV026, 7.73%:; 21.
HVO023, 7.35%; 22. HV062, 7.12%; 23. HV033, 7.08%; 24. HV039, 7.07%; 25. HV038, 6.94%; 26.
HVO051, 6.24%; 27. HV029, 6.03%; 28. HV045, 6.03%; 29. HV019, 5.26%; 30. HV034, 5.01%; 31.
HVO014, 4.5%; 32. HV030, 3.99%; 33. HV065, 3.74%; 34. HV021, 3.56%; 35. HV049, 2.87%; 36.
HV066, 2.61%; 37. HV043, 2.36%; 38. HV044, 2.31%; 39. HV054, 2.17%; 40. HV022, 2.02%; 41.
HV067, 1.53%; 42. HV061, 1.49%; 43. HV055, 0.4%; 44. HV048, 0.23%; 45. HV063, 0.2%; 46.
HV058, 0%
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Genome wide association study

We evaluated the Wald p-value from the univariate mixed linear model analysis from
GEMMA for outlier SNPs that were associated the prevalence of yellow pigmentation (Figure
8). We found that 14 SNPs were strongly associated with Wald p-values lower than 107
(Supplementary File S6). The gene annotations of these SNPs were extracted from the
reference genome of P. guttatus (GCA_001185365.2). However, we did not find any genes
known to be associated with pattern regulation or the melanin production, such as POMC or

MSH (Senczuk et al., 2021).
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Figure 8. A. Manhattan plot showing SNPs that are associated with the characters state of melansim,
calculated with a univariate mixed linear model in GEMMA. The y-axis shows -log10 transformed
Wald p-values. SNPs with a p-value < 10 are marked in orange. B. A quantile-quantile plot based on
the p-values, indicating that some SNPs have a far lower p-value than it would be expected in a
normal distribution.
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Discussion

Evolutionary history

Our molecular analysis underlines the existence of two well defined lineages with substantial
genetic differentiation between their allopatric occurrences (Fst =0.19). This observation is
consistent with the 4% genetic divergence reported from mitochondrial genes, which has been
translated to a level of differentiation that is similarly observed between closely and
taxonomically well separated snake species in Europe (Rato et al., 2009, Mezzasalma et al.,
2015). However, our admixture analyses revealed tremendous gene flow along a rather broad
(>100 km in northern Italy) contact zone between the two subspecies. The large admixture
between the genetic lineages suggests limited or no prezygotic barriers and the lack of
selection against hybrids and intermediate morphotypes and post-zygotic reproductive
barriers. The lack of complete reproductive barriers is common in young lineages that
differentiated in allopatry during the last glacial cycles, such as species of the Fire-bellied
oads Bombina (Niirnberger et al., 2016; Szymura & Barton, 1986) or the Spadefoot Toads
Pelobates (Dufresnes et al., 2019). In such cases, reproductive isolation may have evolved
upon secondary contact, through reinforcement (see also Hoskin et al., 2005). For example,
there is strong selection against hybrids limiting the gene flow between the two well defined
sibling species Bombina variegata and B. bombina (Szymura and Barton, 1986). Similar to
theses well-studied amphibian species, it appears most likely that the subspecies of H.
viridiflavus are currently experiencing secondary contact after they were isolated by distance
due to different glacial refugia, as suggested before by Mezzasalma et al. (2018). But given
the high mobility of the species and the already widely extended contact zone it is
questionable whether viridiflavus and carbonarius will reach further differentiation in future.
Under the assumption that there are no selective pressures against hybrids and little niche
differentiation for the two subspecies, the contact zone could further expand in future in large
parts of the post-glacially recolonized area. Given the extensive distribution range of the
species, a complete fusion of the gene pool appears doubtful, more likely non-admixed
individuals will prevail within the former glacial refugia. The scenario of species collapse has
been observed, though, in species without reproductive isolation with more limited
distribution ranges, such as postglacial clades in the Three-spined Stickleback Gasterosteus

aculeatus species complex at lake Enox (Taylor et al., 2005)

A potential scenario for the outcome of extensive admixture is displayed in Ticino,

Switzerland. H. viridiflavus in Ticino is only connected southwards to its conspecifics in Italy
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and usually displays an intermediate phenotype, darkish but not completely black (Hofer,
2001). Genetically, we found that they are strongly admixed between the two subspecies (Fig.
2). However, due to sequencing of the mitochondrial gene Cy#-b (Meier et al., 2022), we
know that the mitochondrial gene pool exclusively corresponds to carbonarius. Hence, the
most likely scenario is that primarily males from the subspecies viridiflavus have entered the
Ticino in the past and interbred with females of the subspecies carbonarius. Furthermore,
expansion of the contact zone can be accelerated if individuals are translocated by humans.
This has been shown in Vaud (Hofer, 2001), where introduced populations of non-admixed
viridiflavus in the North and admixed viridiflavus x carbonarius in the South are present, even
though the Alps were never traversable for the species towards the Italian populations and the

carbonarius gene pool.

Association of genetics and morphology

In the context of evolutionary history, we were also interested to understand the colour
polymorphism in H. viridiflavus, ranging from the nominate black with yellow dots and
stripes to various intermediate forms, such as the brown and abundistic phenotype, to the
completely black, melanotic form (Rato et al., 2009; Senczuk et al., 2021; M. Zuffi, 2008).
The occurrence of melanism in European vipers is evidently linked to environmental factors,
such as solar radiation, temperature and latitude (Martinez-Freiria et al., 2020). However, the
phenotypes of H. viridiflavus are segregated between the two subspecies, respectively occur
within their contact zone. Hence, there is neither a latitudinal gradient, nor meteorological
differences which could explain the occurrence of melanism (Mezzasalma et al., 2018).

On a molecular basis, studies on more distantly related garter snakes Thamnophis sirtalis have
shown that melanism is inherited as a simple Mendelian recessive trait (King, 2003). But
since there are so many intermediate phenotypes in H. viridiflavus, a single-locus recessive
Mendelian inheritance can hardly explain the observed diversity. Indeed, we found few SNPs
that showed a more significant association with the melanotic character state. These SNPs are
partly positioned in annotated genes in the reference genome of P. guttatus and occur
throughout the genome. However, none of these annotations were directly linked to genes
involved in melanogenesis. This is little surprising, since annotations of genes are far from
complete, especially in genomes with lots of contigs such as P. guttatus (119,215 contigs) and
annotated genes sometimes are only distantly linked to specific SNP position. In addition,
RADseq only samples a small fraction of the genome. Hence, some of the outlier SNPs might
only be indirectly associated with melanism. While this approach seems to be seeking for the

needle in the hay stack, also studies that focused specifically on candidate genes for melanism
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have difficulties to show clear associations (Cox et al., 2013; Senczuk et al., 2021). Moreover,
it is unclear how the aberrant “high yellow” colour morphs (Fig. 7a-b) are genetically
regulated and if they might be connected to similar mechanisms as melanism (see also Di
Nicola et al. 2021).We conclude that a more dense genomic sampling or breeding
experiments, such as QTL mapping, would be necessary to understand the mechanisms

underlying the colour variation in H. viridiflavus.

Taxonomic treatment

Given the long history of taxonomic revalidations of H .viridiflavus (Mezzasalma et al., 2015;
Nagy et al., 2004; Rato et al., 2009; Schitti & Vanni, 1986; Speybroeck et al., 2020), we
aimed to answer the question, whether the subspecies carbonarius should be treated as sibling
species to the nominate subspecies viridiflavus. Admixture analysis implicates that gene flow
occurs regularly between the two subspecies within a large contact zone. Followingly,
reproductive barriers are likely weak or inexistent and hybrids between the two subspecies
seem to not be negatively affected by natural selection. We conclude that it is appropriate to
treat viridiflavus and carbonarius as subspecies given their parapatric distribution area and the
prevalence of hybridization in the wide contact zone. However, despite of the gene flow in the
contact zone, we find good evidence that the two subspecies represent distinct evolutionarily
significant units (ESU) due to the strong genetic differentiation of the non-admixed
individuals. While taxonomist usually expect species to be reproductively isolated,
conservationists should protect the whole biodiversity, including the intraspecific genetic
diversity (Casacci et al., 2014). ESU represent an important tool in order to translate this
intraspecific diversity into conservation approaches (Borges et al., 2018). Treating the
subspecies of H. viridiflavus as ESUs not only allows to evaluate needs for conservation
programs separately, but also emphasizes the need to analyse the genetic identity of
specimens at introduced locations. In future, it would be interesting to monitor shifts in the
contact zone, as this could represent an example of “species collapse” in progress. We further
want to encourage herpetologists to acknowledge subspecies, as they represent a significant

contribution to biodiversity.
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