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ARTICLE INFO ABSTRACT

Keywords: Understanding speciation is one of the cornerstones of biological diversity research. Currently, speciation is often
Geﬂof“}cs ) understood as a continuous process of divergence that continues until genetic or other incompatibilities minimize
Hybridization or prevent interbreeding. The Palearctic snake genus Natrix is an ideal group to study speciation, as it comprises
Molecular clock . -~ o . . . . .
Natricid taxa representing distinct stages of the speciation process, ranging from widely interbreeding parapatric taxa
atricidae . . ) - . . ) . .
Reptilia through parapatric species with very limited gene flow in narrow hybrid zones to widely sympatric species. To
Speciation understand the evolution of reproductive isolation through time, we have sequenced the genomes of all five
Squamata species within this genus and two additional subspecies. We used both long-read and short-read methods to

sequence and de-novo-assemble two high-quality genomes (Natrix h. helvetica, Natrix n. natrix) to their 1.7 Gb
length with a contig N50 of 4.6 Mbp and 1.5 Mbp, respectively, and used these as references to assemble the
remaining short-read-based genomes. Our phylogenomic analyses yielded a well-supported dated phylogeny and
evidence for a surprisingly complex history of interspecific gene flow, including between widely sympatric
species. Furthermore, evidence for gene flow was also found for currently allopatric species pairs. Genetic ex-
change among these well-defined, distinct, and several million-year-old reptile species emphasizes that specia-
tion and maintenance of species distinctness can occur despite continued genetic exchange.

1. Introduction

The publication of Darwin’s (1859) “Origin of Species” propelled the
species to the status of the key unit of biodiversity, and the process of
species formation and diversification to a research theme of funda-
mental importance for evolutionary and systematic biology. Tradition-
ally, a central role has been ascribed to the development of reproductive
isolation during the evolutionary divergence process (e.g., the Biological
Species Concept; see Mayr, 1942; Coyne and Orr, 2004; Zachos, 2016).
The effects of reproductive isolation, such as interrupted gene flow and

* Corresponding author.
E-mail address: uwe.fritz@senckenberg.de (U. Fritz).
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genetic diversification, are recorded in the genome of an organism and
can be recovered and analyzed. However, it is only today that techno-
logical advances in the field of genomics have given us the analytical
tools required to access this information to further our understanding of
speciation and evolution—a central theme of evolutionary research.
Recent evidence challenges the traditional view of the central
importance of reproductive isolation, as increasing numbers of cases of
extensive gene flow between distinct species are being documented.
Population genetic and genomic approaches in vertebrates, including
amphibians, squamates, turtles, and mammals (Vamberger et al., 2015;
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Kindler et al., 2017; Kumar et al., 2017; Pabijan et al., 2017; Poschel
et al., 2018; Winter et al. 2018; Schield et al. 2019; Burbrink et al. 2020;
Asztalos et al., 2021a; Dufresnes et al., 2021; Pavon-Vazquez et al. 2021)
have found ample evidence for gene flow across species limits. This
suggests that the traditional understanding of a species is insufficient for
comprehending its true nature and how it is formed during evolution.
Consequently, the understanding of speciation, the central process in the
diversification, composition, and evolution of biodiversity, and the
species category itself, remain vague. Moreover, while whole genome
sequencing promises to provide the deepest insights into the speciation
process, studies using this approach have remained largely confined to
mammals until now (e.g., Kumar et al., 2017; Winter et al. 2018; but see
Yang et al., 2021 for a study on wall lizards).

Currently, the understanding of speciation is that it reflects a gradual
process, a “speciation continuum.” However, once distinct species are
capable of sympatric occurrence, the end of that speciation continuum
has been reached, even though the integration of foreign genomic
components acquired via hybridization may continue. The existence of
speciation with gene flow (Nosil, 2008; Arnold, 2015) has long been
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known, but its systematic study has only now been enabled by the
advent of genomics. However, current speciation research has remained
heavily concentrated on mammals, for which most genomes have been
sequenced for various basic and applied research questions (Coimbra
etal., 2021; Figueiro et al., 2017; Nater et al., 2017; Arnason et al., 2018;
Supple and Shapiro, 2018; Zhou et al., 2018). However, mammals
represent only a small fraction of life’s diversity.

In the present study, we focus on an ideal reptile model for speciation
research: grass snakes and water snakes of the genus Natrix. The five
Natrix species are widely distributed and abundant across the Western
Palearctic (Speybroeck et al., 2020), and two of them (Natrix natrix,
N. tessellata) extend east into Central Asia (Sindaco et al., 2013). These
snakes are ideal for studying speciation because they contain the entire
range of the speciation continuum. Besides parapatrically distributed
and broadly hybridizing subspecies, there are parapatrically distributed
species still capable of hybridization across narrow geographic contact
zones, and there are fully diverged species that occur in wide sympatry
without obvious evidence for hybridization (Kindler et al., 2013, 2017,
2018b; Sindaco et al., 2013; Pokrant et al., 2016; Kindler and Fritz,

w

Q-

{ N. astreptophora
, @Pﬁ ptop.

N. helvetica

Fig. 1. Distribution ranges and sampling sites (yellow circles) for Natrix species. Top and center: grass snakes, bottom: water snakes. Native distribution ranges in
red; distribution of naturalized populations of N. maura (Balearic Islands, Sardinia) and N. tessellata (Switzerland) in blue. Distribution ranges according to
Gruschwitz et al. (1999), Schatti (1999), Kindler et al. (2017, 2018b), Schultze et al. (2019, 2020), and Asztalos et al. (2020, 2021a, b). Photos: N. astreptophora and
N. natrix - H. Bringsge; N. helvetica — W. Wiister, N. maura and N. tessellata — M. R. Di Nicola. (For interpretation of the references to colour in this figure legend, the

reader is referred to the web version of this article.)
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2018).

The two species of water snakes (Natrix maura, N. tessellata) are
semiaquatic, mostly piscivorous, and occur in freshwater habitats like
creeks, rivers, ponds, and lakes (Gruschwitz et al. 1999; Schatti 1999;
Geniez, 2015), but with largely mutually exclusive distribution ranges
(Fig. 1). The viperine snake (N. maura) lives in northwestern Africa, the
Iberian Peninsula, and parts of western Europe (Schatti, 1999; Geniez,
2015), whereas the dice snake (N. tessellata) ranges from Central Europe
and Italy to Central Asia (Gruschwitz et al., 1999; Geniez, 2015). Their
distributions overlap only in northwestern Italy. Despite their similar
morphology and natural history, no hybrids are known, neither from
nature nor captivity (Mebert et al., 2011).

The three grass snake species (N. astreptophora, N. helvetica, N. natrix)
also occupy largely parapatric distributions (Fig. 1), but each is widely
sympatric with N. maura or N. tessellata or both. Hybridization between
grass snakes and either of the two water snakes is generally believed to
be extremely rare (Mebert et al., 2011; de la Vega et al., 2021). Grass
snakes are less strictly bound to aquatic habitats and have a wider food
spectrum than the two water snakes (Kabisch, 1999). The red-eyed grass
snake (N. astreptophora) occurs in northwestern Africa and the Iberian
Peninsula. North of the Pyrenees, in southwestern France, lies a narrow
hybrid zone with N. helvetica, where both the parental species and hy-
brids are found (Pokrant et al. 2016; Asztalos et al. 2020). The barred
grass snake (N. helvetica) is distributed in Western Europe north of the
Pyrenees, including Britain and most of Italy. Natrix helvetica hybridizes
in three geographically distinct narrow contact zones with the third
grass snake species, the common grass snake (N. natrix), namely (1) in
the Rhine region, (2) in northeastern Italy, and (3) in southern Bavaria
and adjacent western Austria (Kindler et al., 2017; Schultze et al., 2019,
2020; Asztalos et al., 2021b). Natrix natrix has the largest distribution
range of all Natrix snakes and occurs from Central Europe and Fenno-
scandia through the Balkan Peninsula and Asia Minor to Lake Baikal
(Kindler et al., 2017), i.e., across a region spanning approximately
6,300 km in an east-west direction.

Phylogenetic analyses of mtDNA sequences suggested that the three
grass snake species (N. astreptophora, N. helvetica, N. natrix) together
constitute the sister taxon of N. tessellata and that N. maura represents
their successive sister taxon (Guicking et al., 2006; Kindler et al.,
2018b). Based on constant sequence divergence rates, Guicking et al.
(2006) estimated that N. maura branched off 27-18 million years ago
(Mya), whereas grass snakes and N. tessellata only diverged 22-13 Mya.
Using a fossil-calibrated molecular clock, Kindler et al. (2018b) inferred
that N. astreptophora diverged 10.6 Mya, whereas N. helvetica and
N. natrix separated 8.6 Mya.

Recently, a phylogeographic study (Asztalos et al., 2021a) revealed
frequent hybridization between two widely sympatric species (N. natrix
and N. tessellata), suggesting that hybridization between sympatric
Natrix species is more common than previously thought. This implies
intricate evolutionary processes, involving gene flow between ancient
lineages. However, all studies available until now only relied on evi-
dence from mitochondrial DNA (mtDNA) sequences and microsatellite
loci, preventing an in-depth analysis of the detected hybridization
patterns.

To obtain deeper insights into the divergence and hybridization
processes of grass and water snakes, we generated seven genome as-
semblies across the five Natrix species and used our data to infer the
radiation and divergence times of the individual taxa and the evolu-
tionary impact of hybridization.

2. Materials and methods
2.1. Data generation
Genomes of all five Natrix species were sequenced. Two of the species

were represented by two subspecies each (N. astreptophora, N. h. helve-
tica, N. h. cetti, N. maura, N. n. natrix, N. n. vulgaris, N. tessellata). All grass
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snake sampling localities were several hundred kilometers distant from
any documented contact or hybrid zones involving the respective spe-
cies (Fig. 1; Suppl. 1 Table S1). The sample for N. n. vulgaris was taken
from the name-bearing museum type specimen of this taxon (Fritz and
Schmidtler, 2020). DNA was extracted from frozen and ethanol-
preserved tissue and blood using a standard phenol/chloroform
method, except for N. n. natrix, for which DTAB was used.

For two taxa, Natrix h. helvetica and N. n. natrix, continuous long-read
data were generated on a PacBio Sequel II at the Radboud University
Medical Center, Nijmegen (Netherlands), following library preparation
using the PacBio SMRTbell Express Template Prep Kit 2.0 (Pacific Bio-
sciences, Menlo Park, CA, USA). Additionally, 150 bp paired-end libraries
with an average insert size of 350 bp were prepared using the NEBNext
Ultra II DNA Library Prep Kit for Illumina (New England Biolabs Inc.,
Ipswich, MA, USA) and sequenced on an Illumina NovaSeq6000 at
Novogene (Cambridge, UK) to an approximate 30-fold coverage.
For N. n. natrix, tissue samples from brain, heart, liver, and gonads of
specimen MTD 20734 were stored in RNAlater prior to RNA extraction
using a TRIzol-RNA extraction protocol. The RNA isolates were then sent
to Novogene for library preparation and sequencing.

For the remaining species, 150 bp paired-end libraries with an
average insert size of 350 bp were prepared using the NEBNext Ultra II
DNA Library Prep Kit for Illumina (New England Biolabs Inc., Ipswich,
MA, USA) and sequenced on an Illumina NovaSeq6000 at Novogene
(Cambridge, UK) to an approximate 30-fold coverage. All generated data
were uploaded to NCBI and are accessible through BioProject
PRJNA803021.

2.2. Assembly

De-novo genome assemblies of N. h. helvetica and N. n. natrix were
generated from PacBio long-reads using the assemblers wtdbg2 v2.5 and
Raven v1.4.0 (Ruan and Li, 2020; Vaser and Siki¢, 2021) with default
parameters. For N. n. natrix, Flye v2.8.1 (Kolmogorov et al., 2019) was
additionally used. The best assembly for each species was chosen for
downstream analyses (i.e., the Raven assembly for N. h. helvetica; Flye
for N. n. natrix) based on gene set completeness analyses with BUSCO
v5.0.0 using the Sauropsida_odb10 dataset and contig statistics calcu-
lated with Quast v5.0.2 (Okonechnikov et al., 2016; Kriventseva et al.,
2019; Seppey et al., 2019). The best assembly of N. h. helvetica was
polished twice by mapping the long-read data against the assembly with
Minimap2 v2.17 before running Racon v1.4.3 (Vaser et al., 2017; Li,
2018). Consecutively, two rounds of short-read-polishing were per-
formed to correct base-level errors in the assembly. For each round, the
short-read data were mapped against the polished long-read assembly
using bwa mem v0.7.17 and sorted by samtools v1.9 prior to polishing
with Pilon v1.23 (Li and Durbin, 2009; Walker et al., 2014; Danecek
et al., 2021). Natrix n. natrix was polished only using Pilon, as Flye
already included a long-read polishing step. The quality of the polished
assemblies was checked again by Quast v5.0.2 and BUSCO v5.0.0
(Gurevich et al., 2013; Kriventseva et al., 2019; Seppey et al., 2019).
Furthermore, mapping and coverage statistics were calculated with
Qualimap v2.2.2a after mapping the short-read and long-read data
against the assemblies using bwa mem v0.7.17 and Minimap2 v2.17,
respectively (Li and Durbin, 2009; Okonechnikov et al., 2016). Addi-
tionally, Blobtools v1.1.1 was run, together with a BLASTN v2.9.0
search against the NCBI nucleotide database, to detect possible
contamination in the assembly (Laetsch and Blaxter, 2017; Altschul
et al., 1990). The two reference assemblies are accessible from NCBI
through BioProject PRINA803021.

2.3. Repeat masking
To prevent repeats in the genome from interfering with downstream

analyses, repeats were masked in both de-novo assemblies. Repeat-
Modeler v2.0.1, which itself utilizes Recon v1.08 and RepeatScout
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v1.0.6, was used to generate de-novo repeat libraries for each assembly
(Bao and Eddy, 2002; Price et al., 2005; Flynn et al., 2019). These repeat
libraries were then used in RepeatMasker v4.1.1 to “hard-mask” inter-
spersed repeats and “soft-mask” low-complexity repeats in two subse-
quent runs to account for low-complexity repeats that might be parts of
genes (Smit et al., 2013-2015).

2.4. Phylogenetic analyses

2.4.1. Genome fragment analysis and dated phylogeny

A genome fragment (GF) analysis, as described in Coimbra et al.
(2021), was performed (scripts available at https://github.com/rtfcoim
bra/Coimbra-et-al-2021_CurrBiol; scripts and procedure described
under “Nuclear phylogenomic inference” in this repository). Reference-
based assemblies were generated for all specimens (except N. h. helve-
tica), including the outgroup Thamnophis elegans, by mapping the
respective short-read data against the de-novo assembly of N. h. helvetica
using bwa mem v0.7.17, and subsequent conversion of the mapping file
into a sorted and indexed BAM-Format using the samtools v1.12 com-
mands fixmate, sort, and index (Langmead and Salzberg, 2012; Danecek
et al., 2021). The short reads for the outgroup were downloaded from
the Vertebrate Genome Project (genomeark/species/Thamnophis_ele-
gans/rThaFElel/genomic_data/10x/). Mapping rates and qualities were
evaluated with Qualimap v2.2.2 (Okonechnikov et al., 2016). Repetitive
regions in the assemblies were removed based on the N. h. helvetica as-
sembly with “hard-masked” interspersed repeats using bedtools v2.30.0
and samtools v1.13 (Quinlan and Hall, 2010; Danecek et al., 2021). To
generate the consensus sequences, we first calculated the per base
sequencing depth using Sambamba v0.8.1 (Tarasov et al., 2015) and
then called the consensus sequence using ANGSD v0.935, reducing
mapping bias by using “~iupacRatio 0.33” (Korneliussen et al., 2014). As
all reference-based assemblies had the same reference, no additional
alignment step was necessary. Sets of genome fragments with a length of
20 kb to 470 kb were created with a 50-kb-step size. An approximately
unbiased (AU) tree topology test was run in IQ-tree v2.1.4 to determine
the minimum fragment length with which alternative topologies can be
significantly rejected (Shimodaira, 2002; Minh et al., 2020). ASTRAL
v5.7.7 (Zhang et al., 2018) was used to calculate a multispecies coa-
lescent tree from 860 individual ML trees based on 320 kb long genome
fragments. The individual ML trees were inferred using IQ-tree v2.1.4
(Minh et al., 2020). Internal branches were evaluated for support of
alternative groupings by a quartet analysis (Sayyari et al., 2018).

Divergence time estimation on the topology obtained using a GF
analysis was performed with MCMCtree as implemented in PAML v4.9
(Yang, 2007). This analysis was based on a reduced dataset of 430
genome fragments due to computational limitations of MCMCtree. Each
genome fragment was randomly sampled from the 860 genome frag-
ments, each 320 kb long. The large amount of data prevented the
application of a Bayesian method. Two nodes were calibrated using hard
lower and upper boundaries by setting both the left and right tail
probabilities to 1e-300. The oldest Natrix fossil from Sardinia (Pliocene,
3.6 million years; Delfino et al., 2011) was included to constrain the
divergence between the European mainland lineage represented by N. h.
helvetica and the Sardinian subspecies N. h. cetti with a minimum of 3.6
million years and a maximum of 5.3 million years. The maximum cor-
responds to the end of the Miocene, coinciding with the termination of
the Mediterranean salinity crisis and the interruption of the land bridge
between Corsosardinia and mainland Italy (Krijgsman et al., 1999). The
oldest record of a representative of the grass snake lineage, the extinct
species N. longivertebrata (MN4 Mammal Neogene Zone 16.9-16.0
million years; Vasilyan et al., 2022), was used to calibrate the diver-
gence between N. tessellata and the grass snake clade to a minimum of
16.0 Mya (Suppl. 1 Table S2). As the maximum for this node, the base of
the Burdigalian (20.4 Mya), the respective Early Miocene age to which
MN4 belongs, was chosen.
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2.4.2. Network analysis and gene flow

We used SplitsTree v4.17.1 (Huson and Bryant, 2006) to construct a
phylogenetic network from ML trees of 860 genome fragments to
examine these for phylogenetic conflict. Then, we tested the support for
different numbers of reticulations with SNAQ as implemented in Phy-
loNetworks v0.15.3 (Solis-Lemus et al., 2017) and PhyloNet v3.8.2 (Wen
et al., 2018) using the individual GF trees. We tested the support of 0-5
reticulations using SNAQ, and of 0-10 reticulations using PhyloNet. The
PhyloNetworks results were depicted using PhyloPlots v1.0.0 (htt
ps://github.com/cecileane/PhyloPlots.jl). Both analyses account for
incomplete lineage sorting (ILS). Furthermore, to examine whether po-
tential phylogenetic conflict is caused by gene flow, we ran a HyDe
analysis. HyDe v0.4.3 was run on the concatenated reference-based as-
semblies and the reference genome of N. h. helvetica (Blischak et al.,
2018).

2.5. Examining reference bias

To account for reference bias (e.g., ingroup or outgroup bias), we
mapped all short read data against the assembly of T. elegans as
described above for the reference-based assemblies. Then, we reran the
GF analysis, dating the phylogeny, and all gene flow analyses using the
new reference-based assemblies. Methods, results, and discussion are
explained in Supplementary Materials File 2.

3. Results
3.1. Assembly

The assemblies of N. n. natrix and N. h. helvetica yielded genomes
with a length of 1.74 Gbp and 1.78 Gbp, contig N50 lengths of 1.5 and
4.6 Mbp, and BUSCO gene set completeness of 91.0% and 92.6%,
respectively (Suppl. 1 Tables S3-S5). The Blobtools analysis revealed
negligible contamination (Suppl. 1 Figs. S1 and S2). Repeat masking
identified > 50% of the genome sequence as repeats in both de-novo
assemblies, with LINES, LTR elements, and DNA transposons being the
most frequent classes, while unclassified repeats account for approxi-
mately 20% (Suppl. 1 Table S6). The reference-based assemblies are
characterized by a high mapping quality against N. h. helvetica (>90%;
Table 1), and hence sufficient for phylogenetic analyses and the esti-
mation of divergence times.

3.2. Phylogeny and divergence times

The AU tree topology test for the best genome fragment length
showed that 320 kbp is the shortest fragment length at which a topology
can be significantly (p < 0.05) supported over a set of alternative to-
pologies (Suppl. 1 Figs. S3 and S4). With this information, 860 orthol-
ogous genome fragments of 320 kb length were created for each taxon.
The resulting multispecies coalescent tree (Fig. 2) recovered N. maura as
the sister taxon to a clade containing the remaining Natrix species.
Within this clade, N. tessellata was sister to the grass snake species, and
within the grass snakes, N. astreptophora was the sister taxon to a clade
consisting of the two subspecies of N. helvetica. This N. astreptophora +
N. helvetica clade constituted the sister group to another clade contain-
ing the two subspecies of N. natrix.

A Quartet Frequency analysis (Suppl. 1 Fig. S5) revealed that almost
all branches of the topology in Fig. 2 showed no conflict. The only un-
certainty involved branch 1, i.e., the relationships among N. h. helvetica,
N. h. cetti, and N. astreptophora.

The overall well-resolved phylogenetic topology was used to infer
divergence times based on two fossil calibration points (Fig. 2). It was
estimated that Natrix diverged from the outgroup Thamnophis in the late
Eocene (35.8 Mya, 95% confidence interval [CI]: 28.8-52.1 Mya).
Diversification of Natrix commenced when N. maura branched off in the
early Miocene (21.5Mya, CI: 17.3-31.3 Mya), closely followed by
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Table 1
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Qualimap report for all reference-based assemblies used in the genome fragment analysis. All species show good mapping qualities, even the outgroup mapped with

over 90% of the reads. All values rounded to one digit after the decimal point.

Taxon Coverage mean Coverage std GC [%] Mapping quality mean Insert size median Mapped reads [%]
N. astreptophora 32.8 83.9 42.7 37.9 353 99.4
N. h. helvetica 321 82.0 44.5 46.1 1217 99.6
N. h. cetti 47.9 180.4 42.2 41.7 366 99.6
N. maura 22.9 277.5 43.3 34.7 327 98.7
N. n. natrix 28.6 140.8 42.6 37.2 314 99.2
N. n. vulgaris 21.3 226.5 43.2 37.9 237 94.8
N. tessellata 23.8 385.0 41.8 36.4 316 98.9
T. elegans 76.7 833.5 40.8 31.2 337 90.7
_: N. helvetica 1 N. h. helvetica
N. natrix 4.53
N. astreptophora 7.28 N. h. cetti
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Fig. 2. Dated ML phylogeny using the sequence data from 430 genome fragments of 320 kb length in a MCMCTree analysis. The calibration point (1) for the split
between N. h. helvetica and its subspecies was set to a minimum of 3.6 million years and a maximum of 5.3 million years. The second calibration point (2) for the
divergence of the grass snake clade and N. tessellata was set to a minimum of 16.0 Mya and a maximum of 20.4 Mya. The fossil calibration points are marked with red
dots. The error bars show the 95% confidence interval. The time bar is in million years. Values were rounded to the second decimal position. Abbreviations: PAC:
Paleocene; PIC: Pliocene; PEC: Pleistocene. The small tree in the upper left corner shows the mitochondrial topology, according to Guicking et al. (2006) and Kindler
et al. (2018b). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

N. tessellata at approx. 18.7 Mya (CI: 15.1-27.2 Mya). With the begin-
ning of the Serravallian (middle Miocene; 13.7 Mya, CIL:
11.1-20.0 Mya), N. natrix diverged as the most basal grass snake species.
Its subspecies N. n. vulgaris separated from the nominotypical taxon in
the early Pleistocene (approx. 2.0 Mya, CI: 1.6-2.9 Mya). In the upper
Miocene (7.3 Mya, CI: 5.9-10.6 Mya), the Ibero-Maghrebian
N. astreptophora split from the western European N. helvetica. The
Sardinian subspecies of the latter, N. h. cetti, was estimated to have
diverged in the Pliocene (4.5 Mya, CI: 3.6-6.6 Mya), with a confidence
interval embracing the end of the Messinian salinity crises when the land
connection between Corsosardinia and mainland Italy was interrupted.

3.3. Network analysis and gene flow

To test for phylogenetic conflict among the ML trees inferred from
the 860 genome fragments, the 860 individual ML topologies were
combined into a phylogenetic consensus network analysis (Suppl. 1
Fig. S6). A reticulation shows phylogenetic conflict over the relative
placement of N. astreptophora, N. h. helvetica, and N. h. cetti, which is
supported by 22% of the genome fragments. Another reticulation, sup-
ported by 2% of the genome fragments, also indicates conflict over the

relative placement of N. maura and N. tessellata (Suppl. 1 Fig. S6). In
both cases, missing or random phylogenetic information can be
excluded as a reason for the reticulation because the p-AU analyses show
that 320 kbp long genome fragments yield robust, well-supported to-
pologies. Each branch of the ML trees based on the 860 genome frag-
ments was significantly supported, indicating that the conflict is either
caused by incomplete lineage sorting or introgression/gene flow.

The analysis using SNAQ supported three reticulations (Fig. 3; Suppl.
1 Table S7), suggesting introgression (1) between N. h. helvetica and
N. astreptophora, (2) between the last common ancestor of N. helvetica +
N. astreptophora and N. natrix, and (3) between the two water snakes
N. maura and N. tessellata. PhyloNet did not support any reticulations,
but in the light of the other gene flow analyses, we consider this an
outlier (Suppl. 1 Table S8).

Despite the limited conflict in the network analyses and from quartet
scoring, gene flow analysis using HyDe showed extensive gene flow, and
there were only few taxon pairs between which no gene flow was
identified: between N. n. natrix and N. tessellata, N. h. cetti, or
N. astreptophora, between N. astreptophora and N. n. vulgaris or N. h. cetti,
or between N. tessellata and N. maura (Fig. 4; Suppl. 1 Table S9).
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Fig. 3. The best-supported SNAQ result showed three reticulations. Analyses
with a higher number of reticulations did not improve the log-likelihood. Re-
ticulations and favored placements are shown in percent. Natrix h. helvetica, for
example, was placed in 22.6% of cases as sister to N. astreptophora and in
77.4 % as sister to N. h. cetti.
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Fig. 4. Results of the HyDe analyses indicating complex and widespread hy-
bridization among Natrix species. Red lines indicate significant evidence for
hybridization between the connected taxa. Grey lines indicate species combi-
nations where testing for hybridization was not possible due to the topology.
Dotted lines link allopatric taxa; solid lines, sympatric taxa or parapatric taxa
with abutting ranges with or without known hybrid zones. The phylogeny is
shown as underlying black tree. (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article.)

4. Discussion
4.1. Genomes

We sequenced and assembled the genomes of all five Natrix species
(N. astreptophora, N. helvetica, N. maura, N. natrix, N. tessellata), with two
species represented by two subspecies each (N. n. natrix, N. n. vulgaris;
N. h. helvetica, N. h. cetti). We used this data to infer speciation and gene
flow. Comparable previous studies using genomes focused mainly on
mammals (e.g., Winter et al., 2018; Arnason et al., 2018; Coimbra et al.,
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2021), while studies on reptiles remain rare (Vilaca et al., 2021; Yang
et al., 2021). Thus, our investigation provides valuable additional
genome data from another major vertebrate lineage, squamate reptiles.

An important finding was the unexpected extent of interspecific gene
flow, suggesting the evolution and maintenance of distinct species-level
taxa despite gene flow and the continued capability for hybridization.
This is in line with two other recent studies that reported hybridization
in ancient reptile lineages (wall lizards and sea turtles, Vilaca et al.,
2021; Yang et al.,, 2021; see below under 4.2 Phylogeny and
hybridization).

The sizes of the Natrix genomes (approx. 1.7 Gbp) resemble previ-
ously published colubrid and natricid genomes (1.3-1.8 Gbp; Suppl. 1
Table S10). The relatively high contig N50 and BUSCO values indicate
well-assembled de-novo genomes that are suitable for phylogenomic,
speciation, and gene flow studies. In addition, our investigation includes
a genome sequenced from the name-bearing museum type specimen of a
grass snake taxon (Natrix natrix vulgaris, neotype, Natural History
Museum Vienna, NMW 36405:2), which will serve as a valuable
genomic standard for this subspecies.

4.2. Phylogeny and hybridization

With respect to the phylogenetic relationships of Natrix species, our
results conflict with the previously published phylogenetic re-
constructions using mtDNA sequences. According to mtDNA,
N. astreptophora represents the sister lineage of a clade comprising
N. helvetica and N. natrix (Guicking et al., 2006; Kindler et al., 2013).
However, the analyses of genomic data reveal that N. natrix is the sister
group of N. astreptophora + N. helvetica (Fig. 2). These conflicting re-
lationships correspond to swapped branches in the phylogeny, sug-
gesting mitochondrial capture due to hybridization.

The inference of ancient and ongoing hybridization is also supported
by gene flow analyses. The network analysis (Suppl. 1 Fig. S6) revealed
conflicting branching patterns for N. astreptophora, N. h. helvetica, and
N. h. cetti, and N. maura, N. tessellata, and the outgroup T. elegans. The
SNAQ analysis, which accounts for incomplete lineage sorting,
confirmed these findings, and identified additional evidence for intro-
gression between the three grass snake species (Fig. 3). The reticulation
between N. maura and N. tessellata is particularly interesting because it is
the only species combination for which no hybrids have been docu-
mented to date, not even from captive breeding (Mebert et al., 2011).

For most other species combinations, hybrids had been reported
based on microsatellite and mtDNA sequence data: Natrix astreptophora
x N. h. helvetica (Pokrant et al., 2016; Asztalos et al., 2020); N. helvetica
x N. natrix (Kindler et al., 2017; Schultze et al., 2019, 2020; Asztalos
et al., 2021b); N. natrix x N. tessellata (Asztalos et al., 2021a). Addi-
tionally, there is morphological evidence for hybridization between
N. astreptophora and N. maura (de la Vega et al., 2021). Even the
Sardinian subspecies N. h. cetti, thought to be completely isolated since
the flooding of the Mediterranean Basin after the Messinian salinity
crisis (5.3 mya, Kindler et al. 2018b), shows genomic evidence for hy-
bridization with N. natrix (Figs. 3 and 4), suggestive of a very old hy-
bridization event.

To examine the signals of gene flow further, we conducted a HyDe
analysis, which has been shown to deliver robust results even under
complex hybridization scenarios involving multiple hybridization
events (Kong and Kubatko, 2021).

The first notable finding is evidence of hybridization between
N. maura and all other taxa except for N. tessellata (Fig. 4). This suggests
hybridization between N. maura and the ancestor of the extant grass
snakes (N. astreptophora, N. helvetica, N natrix). However, there is also
morphological evidence for extant hybridization of N. maura and
N. astreptophora (de la Vega et al., 2021), underlining the possibility of
multiple and continued hybridization events over an extended time
period.

According to our data, N. tessellata seems to hybridize or have
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hybridized in the past with all studied grass snake taxa except N. n.
natrix. This finding is interesting because the N. n. natrix specimen we
used for genome sequencing was collected from outside the distribution
of N. tessellata. In contrast, our specimen of N. n. vulgaris came from a site
where N. tessellata is also expected to occur. Although this might be a
false negative for N. n. natrix, it could also indicate recent hybridization
between sympatric N. n. vulgaris and N. tessellata, but not with N. n.
natrix, which occurs completely outside the distribution range of
N. tessellata (Asztalos et al., 2021a). This is in line with recent findings
using microsatellite and mtDNA data, showing that N. tessellata con-
tinues to hybridize with sympatric N. natrix to the present day (Asztalos
et al., 2021a).

However, N. tessellata also shows evidence for hybridization with
fully allopatric taxa (N. astreptophora, N. h. helvetica, N. h. cetti), sug-
gesting that the last common ancestor of N. astreptophora and N. helvetica
hybridized with N. tessellata. Recent hybridization between N. tessellata
and another subspecies of N. helvetica (N. h. sicula) cannot be excluded
for mainland Italy. However, if the signal for hybridization in the allo-
patric taxa N. astreptophora or N. h. helvetica originated from this,
introgression extending over hundreds of kilometers would have to be
invoked. Moreover, in the face of the putative isolation of the island
subspecies N. h. cetti for >5 million years (Kindler et al. 2018b), an
ancient hybridization of N. tessellata with the last common ancestor of
N. astreptophora and N. helvetica seems more likely.

For the three parapatric grass snake species, narrow hybridization
zones have been characterized using microsatellite and mtDNA data
(Natrix astreptophora x N. h. helvetica, Pokrant et al., 2016; Asztalos
et al., 2020; N. helvetica x N. natrix, Kindler et al., 2017; Schultze et al.,
2019, 2020; Asztalos et al., 2021b). Each hybrid zone is typically less
than 50 km wide and characterized by steep genetic clines, with parental
genotypes occurring syntopically with hybrids. Our genome-based re-
sults are in line with these findings, with the continental subspecies N. h.
helvetica showing evidence for gene flow with N. natrix and
N. astreptophora. However, the island taxon N. h. cetti, thought to be
isolated since the end Miocene, also shows evidence for hybridization
with N. natrix, suggestive of a very old hybrid signature. This implies
that the genomes of the individual Natrix species are impacted by a se-
ries of subsequent hybridization events that contribute to a continued
enrichment with foreign DNA.

Thus, the present evidence suggests a complex evolutionary history
of the grass and water snakes, in which hybridization substantially
contributed to the current genomic identity. Considering recent studies
using microsatellites and mtDNA data (Pokrant et al., 2016; Kindler
et al., 2017; Schultze et al., 2019, 2020; Asztalos et al., 2020, 2021b),
there seems to be an intricate history of ancient and recent hybridization
events. Our samples used for genome sequencing were collected in sites
far away from the present-day hybrid zones of the respective parapatric
grass snake species. Therefore, our data should be largely unaffected by
very recent hybridization events of grass snake species (Fig. 1). To fully
comprehend these evolutionary processes, gene flow on the population
level of all species needs to be studied. The genomes presented here will
be a valuable resource for such a population-genomic analysis.

Our genomic analysis of the genus Natrix thus demonstrates that this
genus may be an ideal model clade for studying speciation under gene
flow. The individual Natrix species have a complex history of intro-
gression over extended timescales until the present day and a wide range
of divergence ages. The inferred divergence ages of 21.5-7.3 Mya of the
extant Natrix species (Fig. 2) considerably predate the onset of the
Pleistocene glaciations (Knudsen et al., 2020), indicating that the
Pleistocene climatic fluctuations were not the primary drivers of the
diversification. The age of the Natrix lineages involved in hybridization
is considerable and exceeds those of Mediterranean wall lizards
(Podarcis spp.), for which recently similar intricate patterns of genomic
introgression across species boundaries have been inferred based on
genome sequence data (Yang et al., 2021). For marine turtles even older
lineages have been suggested to hybridize (Vilaca et al., 2021).
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However, the divergence time estimates of this study conflict with much
younger dates inferred by another recent study using a fossil-calibrated
molecular clock (Thomson et al., 2021). In any case, the divergence ages
of the Natrix lineages involved in hybridization are much older than
those of mammals known to hybridize (10 Mya in whales and 5 Mya in
bears; Kumar et al., 2017; Arnason et al., 2018).

Our inferred divergence dates for Natrix species, based on genomic
data, closely resemble those based on mtDNA divergence (Guicking
et al., 2006; Kindler et al., 2018a, 2018b), despite the phylogenetic
conflict within the grass snake clade. Both molecular clocks support that
divergence of Natrix commenced in the early Miocene. The paleonto-
logical record (Rage and Augé, 1993; Ivanov, 2001) and extant diversity
(Deepak et al., 2022) suggest that natricids originated in Asia and that
the Natrix lineage dispersed to the western Palearctic, where the genus
Natrix diversified.

In line with our divergence time estimate, Guicking et al. (2006)
suggested that the most basal species, N. maura, evolved as a conse-
quence of a range expansion into Africa approximately 20 Mya, when
the Afro-Arabian and Eurasian plates collided. Shortly later, N. tessellata
seems to have diverged. Divergence of N. tessellata and diversification of
the grass snake clade (N. astreptophora, N. helvetica, N. natrix) seem to
correlate with the Miocene Climate Optimum during the Middle
Miocene Transition, a period of many climatic instabilities (Flower and
Kennett, 1994), which could have led to repeated range restrictions of
the possibly widespread ancestor of N. tessellata and grass snakes.

5. Conclusions

The genomic identity of the individual Natrix species suggests a
history of subsequent hybridization events that contributed to a
continued enrichment with foreign DNA, despite species divergence.
The transition between subspecies still capable of wide-ranging gene
flow and distinct species that maintain their identities despite continued
hybridization is not well understood. Further population-level studies
focusing on a characterization of this transition using whole genome
data may contribute to a better understanding of divergence processes
under gene flow, making Natrix species an interesting model for
evolutionary biology.
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