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Abstract. MtDNA barcoding is a powerful tool for determining the identity and provenance of introduced (cryptic) species.
We mtDNA barcode Anguis slow worms from the Netherlands. We show that a non-native population (Zuid-Kennemerland
National Park) that was established over a century ago concerns the same species that occurs natively: Anguis fragilis. It
carries a haplotype that naturally occurs from The Netherlands to the Balkans. While a lineage from the Balkans up to Western
Europe occurs throughout The Netherlands, we detect a lineage from France and Spain in one locality in the southwest of the
country. We associate this record with the import of hay bales from France, used for horse feed. In the central Netherlands we
find a haplotype previously only reported from Poland, potentially reflecting an unknown introduction or an underestimation
of the haplotype’s distribution in the poorly sampled postglacially colonized part of the range.
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Introduced species pose a major conservation
concern due to their potential to prey on, com-
pete with, spread disease to and hybridize with
native species (Simberloff, 2013; Bellard et al.,
2016; Pysek et al., 2020; Theodoropoulos et
al.,, 2025a). Many reptile species have been
introduced by human activities beyond their
native range (Kraus, 2015). However, it is not

always straightforward to identify an introduced
species as it might belong to a cryptic species
complex (Bickford et al., 2007; Hending, 2025).
MtDNA barcoding (Hebert et al., 2003; Mir
et al., 2021) is a powerful tool for identifying
to which (cryptic) species a suspect individual
belongs and determining from which part of the
native range it derives.
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The slow worm genus Anguis is an exam-
ple of a cryptic species complex that has only
recently been resolved through genetic analy-
ses (Gvozdik et al., 2010, 2013, 2023; Jablonski
et al., 2016). As a result, five species are now
recognized: A. fragilis in western and northern
Europe, A. colchica in (south)eastern Europe
and western Asia, A. graeca in the southern
Balkan Peninsula, A. cephallonica in the Pelo-
ponnese, and A. veronensis in the Italian Penin-
sula. In The Netherlands, A. fragilis occurs
natively in the south and east of the country
(Creemers and van Delft, 2009). However, slow
worms have also been introduced into the Dutch
coastal dunes, presumably around 1900, and
a self-sustaining population is now present in
Zuid-Kennemerland National Park (Creemers
and van Delft, 2009; fig. 1A). We mtDNA bar-
code Dutch slow worms from the native and
introduced range to address two questions: (1)
Which slow worm species is involved in the
introduced population?; and (2) From where do
these introduced slow worms originate?

We obtained 148 slow worm samples from 46
localities (a mixture of oral swabs, skin sheds
and roadkills; supplementary table S1; Fig. 1A).
DNA was extracted using the Wizard® Genomic
DNA purification kit (Promega). We ampli-
fied the entire ND2 (NADH dehydrogenase 2)
mtDNA gene using the primers H5934 (5'-
AGRGTGCCAATGTCTTTGTGRTT-3") from
Macey et al. (1997) and L4437n (5'-AAGCTA
TTGGGCCCATACC-3') from (Gvozdik et al.,
2010). PCRs were performed in 12 pul reac-
tions, containing 0.06 ul of both forward and
reverse primer (0.05 M end concentration of
each primer), 6 nl Qiagen multiplex PCR mas-
ter mix, 4.88 ul purified water and 1 ul of
DNA extract. PCR conditions were: a hot start
for 15 min at 95°C, followed by 35 cycles
of denaturation for 30 s at 95°C, annealing
for 1 min at 55°C and extension for 1 min
at 72°C, and extension at 72°C of 10 min.
Sanger sequencing was outsourced to Macrogen
and forward and reverse sequences were com-
piled, edited and trimmed in Geneious Prime
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2025.0.2 (https://www.geneious.com). We lim-
ited our downstream analyses to 729-732 bp of
ND2 (variable due to a 3 bp deletion in A. frag-
ilis compared to the other slow worm species)
because this fragment has been widely studied
in previous studies (e.g. Jablonski et al., 2016,
2017; Oskyrko et al., 2023), allowing for direct
comparison.

We first collapsed Dutch mtDNA sequences
into haplotypes using the DNA to haplotype
collapser function in FaBox (Villesen, 2007).
We then took one sequence each of the five
cryptic Anguis species (Mikulicek et al., 2018;
Dufresnes et al., 2023; Altmanova et al., 2024;
Skérzewski et al., 2025), namely A cephallonica
(GenBank Accession MG797453), A. colchica
(PP549459), A. graeca (OR352107), A. frag-
ilis (PP549518) and A. veronensis (OP255969),
aligned the Dutch mtDNA haplotypes and
constructed a maximum likelihood phylogeny
using the IQ-TREE webserver (Trifinopou-
los et al.,, 2016), to determine with which
species the Dutch Anguis haplotypes clustered.
We used Pseudopus apodus as an outgroup
(GenBank Accession MW400934; taken from
Jablonski et al., 2021a). We used ModelFinder
(Kalyaanamoorthy et al., 2017) to determine
the most appropriate partitioning scheme and
model of sequence evolution (with HKY+F+I
for codon 1, HKY+F+I for codon 2 and TN+F
for codon 3) and 1000 ultrafast bootstrap repli-
cates (Hoang et al., 2017) to determine branch
support.

Because all Dutch Anguis mtDNA barcodes
clustered with Anguis fragilis, we then col-
lected ND2 sequences collected from 248 indi-
viduals from 185 localities across the native
A. fragilis range from previous studies (Ast,
2001; Albert et al.,, 2009; Gvozdik et al.,
2010, 2013, 2021, 2023; Szab6é and Voros,
2014; Jablonski et al., 2016, 2017, 2021b;
Mikulicek et al., 2018; Margaryan et al., 2021;
Dufresnes et al., 2023; Altmanova et al., 2024,
Skoérzewski et al., 2025) and again collapsed
these (including the Dutch haplotypes) into hap-
lotypes with FaBox (supplementary table S2).
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Figure 1. Maximum likelihood phylogeny of mtDNA (ND2) phylogeographical lineages of slow worms (Anguis). The
outgroup is not shown. The scale bar represents the number of substitutions per site. Support values are ultrafast bootstrap
support values (only values >60 are displayed). (A) A phylogeny including representatives of all five Anguis species as well
as all haplotypes found in The Netherlands. (B) A phylogeny of all Anguis fragilis haplotypes. Colours used to denote groups
of haplotypes match fig. 2. Haplotype codes correspond to supplementary tables 1 and 2.

We made the total 729 bp haplotype dataset
(supplementary table S3) available via Gen-
Bank (Accessions PV862286-PV862353). We
constructed another maximum likelihood phy-
logeny using the same approach in IQ-TREE
(with K3Pu+F+G4 for codon 1, HKY+F for
codon 2 and TN+-F for codon 3) and P. apodus
as outgroup.

We identify 12 Anguis mtDNA haplotypes
in The Netherlands, of which three have been
reported in previous studies (i.e., already
present in our database) and eight were newly
identified (supplementary tables sl and s2).
All haplotypes belong to A. fragilis (figs. 1a).
Within A. fragilis we see some substructur-
ing (fig. 1b). Most Dutch mtDNA haplotypes
belong to a clade distributed in the Balkan
Peninsula and central and northwestern Europe,
while one belongs to a clade otherwise found in
France and Spain (figs. 1 and 2).

We detect only A. fragilis mtDNA hap-
lotypes in The Netherlands. The most fre-
quent haplotype, SW001, is widespread in the
native A. fragilis range, from The Nether-
lands to the Balkan Peninsula (supplementary
table s2). This haplotype is also found in the
introduced population in Zuid-Kennemerland
National Park. In contrast to some herpeto-
fauna introductions in the Dutch coastal dunes
that involve non-native populations (Pelobates
spadefoot toads, Koster et al., 2023; Pelophy-
lax waterfrogs, Theodoropoulos et al., 2025b) or
even non-native species (Hyla tree frogs, Kuijt
et al., 2023), other introduced populations are
genetically indistinguishable from native ones
based on mtDNA (Triturus newts, de Brouwer
et al., 2023; Mesotriton newts, Robbemont et
al., 2023; Alytes midwife toads, Vliegenthart
et al., 2023). Similarly, for A. fragilis in Zuid-
Kennemerland National Park, the mtDNA data
do not allow us to determine whether they



4 J. Driessen et al.

Figure 2. Distribution map of mtDNA (ND2) phylogeographical lineages of slow worms (Anguis fragilis). Distribution of
groups of haplotypes in Europe (A) and in The Netherlands (B). Colours correspond to fig. 1. The lighter shades of green
and the darker shades of blue on the map for Europe reflect populations in which haplotypes are found that also occur in The
Netherlands. The green triangle concerns haplotype SW009, discussed in the main text.

originate from within The Netherlands or from A noteworthy finding is the presence of a
abroad; a study employing nuclear DNA data  haplotype, SWO010, that belongs to a clade oth-

could provide the required geographical genetic ~ erwise found in France and Spain. Haplotypes

resolution. from the rest of The Netherlands belong to a
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clade otherwise found in the Balkan Peninsula
and central and northwestern Europe. At first
glance, this finding appears to support a sce-
nario of postglacial recolonization of western
Europe from distinct glacial refugia, with sec-
ondary contact occurring in The Netherlands,
as observed in the great crested newt, Triturus
cristatus (de Brouwer et al., 2023). However,
the locality is a horse farm that uses hay bales
imported from France as horse feed. Given that
multiple dead and flattened slow worms were
found on the terrain, while subsequent surveys
did not reveal a resident population, we accept
the explanation that the corpses turned up via
imported hay. Mowing casualties are known to
occasionally turn up in commercial hay feed
(Bergmans and Zuiderwijk, 1986).

Within the native Dutch range we also identi-
fied one haplotype, SW009, that was previously
only reported from Poland (Skérzewski et al.,
2025). This might indicate an introduction, but,
given the limited sampling outside of presumed
glacial refugia, we cannot rule out the possibil-
ity that this mtDNA haplotype is more widely
distributed. It is a common limitation of phylo-
geographic studies that postglacially colonized
areas remain undersampled, which hampers our
ability to detect introductions (Vliegenthart et
al., 2023; Elfering et al., 2024). We empha-
size the value of increased sampling outside of
glacial refugia, both to refine phylogeographic
patterns and to provide reference data for stud-
ies on species introductions.

Acknowledgements. James Driessen and Gianluca Can-
navacciuolo contributed equally to this work. Permits for
fieldwork were provided via Reptile, Amphibian and Fish
Conservation Netherlands (RAVON) and up until 2021 are
FF/75A/2016/015, FF/75A/2016/022; from 2021 they are
provided under the Nature Conservation Act (‘Wet natu-
urbescherming’) with reference / case number 2021-002469
(Gelderland province), 202100968 (Drenthe province),
D2022-03-004107 (Overijssel province), WNB-SB-OV-
2021-1808 (Utrecht province), Z/142176-268518 (Noord-
Brabant province), 2021-203023 (Limburg province) and
0D.359795 (Noord-Holland province). Individuals that pro-
vided samples are listed in supplementary table s4. Dutch
landowner organizations that provided field permits are

Natuurmonumenten, vliegveld Soesterberg, Staatsbosbe-
heer and Puur Water & Natuur. DJ was supported by the EU
NextGenerationEU scholarship through the Recovery and
Resilience Plan for Slovakia under the project No. 09103-
03-V04-00306.

Supplementary materials. Data is available on https://
doi.org/10.1163/15685381-bjal0243 under Supplementary
Materials.

References

Albert, EMM., San Mauro, D., Garcia-Paris, M., Riiber,
L., Zardoya, R. (2009): Effect of taxon sampling on
recovering the phylogeny of squamate reptiles based
on complete mitochondrial genome and nuclear gene
sequence data. Gene 441: 12-21.

Altmanovd, M., Dolezédlkova-Kastankovda, M., Jablonski,
D., Strachinis, I., Vergilov, V., Vacheva, E., Iannucci,
A., Choleva, L., Rab, P.,, Moravec, J. (2024): Karyotype
stasis but species-specific repetitive DNA patterns in
Anguis lizards (Squamata: Anguidae), in the evolution-
ary framework of Anguiformes. Zool. J. Linn. Soc. 202:
zlad153.

Ast, J.C. (2001): Mitochondrial DNA evidence and evolu-
tion in Varanoidea (Squamata). Cladistics 17: 211-226.

Bellard, C., Cassey, P, Blackburn, T.M. (2016): Alien
species as a driver of recent extinctions. Biol. Lett. 12:
20150623.

Bergmans, W., Zuiderwijk, A. (1986): Atlas van de Neder-
landse amfibieén en reptielen. KNNV, Hoogwoud.

Bickford, D., Lohman, D.J., Sodhi, N.S., Ng, PK.L., Meier,
R., Winker, K., Ingram, K.K., Das, 1. (2007): Cryptic
species as a window on diversity and conservation.
Trends Ecol. Evol. 22: 148-155.

Creemers, R., van Delft, J.J.C.W. (2009): De amfibieén en
reptielen van Nederland. Nederlandse fauna 9. Nationaal
Natuurhistorisch Museum Naturalis & European Inver-
tebrate Survey, Leiden.

de Brouwer, J., Helder, B., France, J., de Visser, M.C.,
Struijk, R.P.J.H., Wielstra, B. (2023): An isolated crested
newt population in Dutch coastal dunes: distribution
relict or introduction? Amphibia-Reptilia 44: 19-26.

Dufresnes, C., Sourrouille, P., Olivier, A., Ballouard, J.-M.,
Leccia, M.-F,, Tiné, R., Cheylan, M., Le Henanff, M.,
Nicolas, J., Caron, S., Massez, G., Cluchier, A., Lev-
asseur, R., Pille, F,, Peyre, O., Thibault, M., Crottini, A.,
Fuento, N., Crochet, P.-A. (2023): Exploring the speci-
ation continuum of slow worms: location and extent of
the Anguis fragilis/veronensis hybrid zone in southeast-
ern France. Amphib.-Reptil. 44: 107-119.

Elfering, R., Mannix, S., Allain, S., Ambu, J., Crochet, P.-
A., van Doorn, L., Dufresnes, C., Jehle, R., Julian, A.,
Baird, Fairlie, K., O’Brien, D., Secondi, J., Speybroeck,
J., Theodoropoulos, A., Stark, T., Wielstra, B. (2024):
Extreme genetic depletion upon postglacial colonization
hampers determining the provenance of introduced pal-
mate newt populations. Amphibia-Reptilia 45: 349-356.


https://doi.org/10.1163/15685381-bja10243
https://doi.org/10.1163/15685381-bja10243

Gvozdik, V., Jandzik, D., Lymberakis, P., Jablonski, D.,
Moravec, J. (2010): Slow worm, Anguis fragilis (Rep-
tilia: Anguidae) as a species complex: Genetic structure
reveals deep divergences. Mol. Phylogenet. Evol. 55:
460-472.

Gvozdik, V., Benkovsky, N., Crottini, A., Bellati, A.,
Moravec, J., Romano, A., Sacchi, R., Jandzik, D. (2013):
An ancient lineage of slow worms, genus Anguis (Squa-
mata: Anguidae), survived in the Italian Peninsula. Mol.
Phylogenet. Evol. 69: 1077-1092.

Gvozdik, V., Harca, Z., Hanov4, A., Jablonski, D., Pupins,
M., Ceiréns, A., Paasikunnas, T. (2021): Two species of
slow worm (Anguis fragilis, A. colchica) present in the
Baltic region. Amphibia-Reptilia 42: 383-389.

Gvozdik, V., Necas, T., Jablonski, D., Moriarty Lemmon,
E., Lemmon, A.R., Jandzik, D., Moravec, J. (2023):
Phylogenomics of Anguis and Pseudopus (Squamata,
Anguidae) indicates Balkan-Apennine mitochondrial
capture associated with the Messinian event. Mol. Phy-
logenet. Evol. 180: 107674.

Hebert, PD.N., Cywinska, A., Ball, S.L., deWaard, J.R.
(2003): Biological identifications through DNA bar-
codes. Proc. Roy. Soc. Lond. B: Biol. Sci. 270: 313-321.

Hending, D. (2025): Cryptic species conservation: a review.
Biol. Rev. 100: 258-274.

Hoang, D.T., Chernomor, O., von Haeseler, A., Minh, B.Q.,
Vinh, L.S. (2017): UFBoot2: improving the ultrafast
bootstrap approximation. Mol. Biol. Evol. 35: 518-522.

Jablonski, D., Jandzik, D., Mikuli¢ek, P., Dzuki¢, G., Lju-
bisavljevi¢, K., Tzankov, N., Jeli¢, D., Thanou, E.,
Moravec, J., Gvozdik, V. (2016): Contrasting evolution-
ary histories of the legless lizards slow worms (Anguis)
shaped by the topography of the Balkan Peninsula. BMC
Evol. Biol. 16: 99.

Jablonski, D., Najbar, B., Grochowalska, R., Gvozdik, V.,
Strzata, T. (2017): Phylogeography and postglacial colo-
nization of Central Europe by Anguis fragilis and Anguis
colchica. Amphibia-Reptilia 38: 562-569.

Jablonski, D., Ribeiro-Junior, M.A., Meiri, S., Maza, E.,
Kukushkin, O.V., Chirikova, M., Pirosova, A., Jeli¢, D.,
Mikulicek, P., Jandzik, D. (2021a): Morphological and
genetic differentiation in the anguid lizard Pseudopus
apodus supports the existence of an endemic subspecies
in the Levant. Vertebr. Zool. 71: 175-200.

Jablonski, D., Sillero, N., Oskyrko, O., Bellati, A., Ceirans,
A., Cheylan, M., Cogilniceanu, D., Crnobrnja-Isailovic,
J., Crochet, P.-A., Crottini, A. (2021b): The distribution
and biogeography of slow worms (Anguis, Squamata)
across the Western Palearctic, with an emphasis on
secondary contact zones. Amphibia-Reptilia 42: 519-
530.

Kalyaanamoorthy, S., Minh, B.Q., Wong, T.K.F., von Hae-
seler, A., Jermiin, L.S. (2017): ModelFinder: fast model
selection for accurate phylogenetic estimates. Nature
Methods 14: 587-589.

Koster, S., Prins, N., Dufresnes, C., France, J., de Visser,
M.C,, Struijk, R.P.J.H., Wielstra, B. (2023): The conser-
vation paradox of an introduced population of a threat-
ened species: spadefoot toads in the coastal dunes of the
Netherlands. Amphib.-Reptil. 44: 11-18.

J. Driessen et al.

Kraus, F. (2015): Impacts from invasive reptiles and
amphibians. Annu. Rev. Ecol. Evol. Syst. 46: 75-97.
Kuijt, M., Oskam, L., den Boer, I., Dufresnes, C., France,
J., Gilbert, M., de Visser, M., Struijk, R.P.J.H., Wielstra,
B. (2023): The introduction of three cryptic tree frog
species in the Dutch coastal dunes challenges conserva-

tion paradigms. Amphibia-Reptilia 44: 1-10.

Macey, J.R., Larson, A., Ananjeva, N.B., Fang, Z., Papen-
fuss, T.J. (1997): Two novel gene orders and the role
of light-strand replication in rearrangement of the ver-
tebrate mitochondrial genome. Mol. Biol. Evol. 14: 91-
104.

Margaryan, A., Noer, C.L., Richter, S.R., Restrup,
M.E., Biilow-Hansen, J.L., Leerhgi, F., Langkjer,
E.M.R., Gopalakrishnan, S., Carge, C., Gilbert, M.T.P.,
Bohmann, K. (2021): Mitochondrial genomes of Danish
vertebrate species generated for the national DNA refer-
ence database, DNAmark. Environ. DNA 3: 472-480.

Mikuli¢ek, P., Jablonski, D., Pdlenik, M., Gvozdik, V.,
Jandzik, D. (2018): Characterization of microsatellite
markers in the genera Anguis and Pseudopus (Reptilia:
Anguidae). Salamandra 54: 158-162.

Mir, R.A., Bhat, K.A., Rashid, G., Ebinezer, L.B., Masi,
A., Rakwal, R., Shah, A.A., Zargar, S.M. (2021): DNA
barcoding: a way forward to obtain deep insights about
the realistic diversity of living organisms. Nucleus 64:
157-165.

Oskyrko, O., Parry, N., Jablonski, D. (2023): Saint Patrick,
what about legless lizards? Tracing the mitochondrial
affiliation and possible origin of Anguis (Squamata:
Anguidae) population in Ireland. Amphibia-Reptilia 45:
99-106.

Pysek, P., Hulme, PE., Simberloff, D., Bacher, S., Black-
burn, T.M., Carlton, J.T., Dawson, W., Essl, F., Foxcroft,
L.C., Genovesi, P, Jeschke, J.M., Kiihn, I., Liebhold,
AM., Mandrak, N.E., Meyerson, L.A., Pauchard, A.,
Pergl, J., Roy, H.E., Seebens, H., van Kleunen, M., Vila,
M., Wingfield, M.J., Richardson, D.M. (2020): Scien-
tists’ warning on invasive alien species. Biol. Rev. 95:
1511-1534.

Robbemont, J., van Veldhuijzen, S., Allain, S.J.R., Ambu,
J., Boyle, R., Canestrelli, D., o) Cathasaigh, E., Cathrine,
C., Chiocchio, A., Cogalniceanu, D., Cvijanovi¢, M.,
Dufresnes, C., Ennis, C., Gandola, R., Jablonski, D.,
Julian, A., KranZelié, D., Lukanov, S., Martinez-Solano,
1., Montgomery, R., Naumov, B., O’Neill, M., North,
A., Pabijan, M., Pushendorf, R., Salvi, D., Schmidt, B.,
Sotiropoulos, K., Stanescu, F., Stankovi¢, D., Stapel-
ton, S., §unje, E., Szabolcs, M., Vacheva, E., Willis,
D., Zimié, A., France, J., Meilink, W.R.M., Stark, T.,
Struijk, R.PJ.H., Theodoropoulos, A., de Visser, M.C.,
Wielstra, B. (2023): An extended mtDNA phylogeog-
raphy for the alpine newt illuminates the provenance of
introduced populations. Amphibia-Reptilia 44: 347-361.

Simberloff, D. (2013): Invasive species: what everyone
needs to know. Oxford University Press, Oxford.

Skérzewski, G., Borczyk, B., Bury, S., Kulik, D., Kotusz,
J. (2025): Contact zone of slow worms Anguis fragilis
Linnaeus, 1758 and Anguis colchica (Nordmann, 1840)
in Poland. PeerJ 13: e18563.



MtDNA barcoding illuminates native diversity and introduction pathways of slow worms in The Netherlands 7

Szabd, K., Voros, J. (2014): Distribution and hybridization
of Anguis fragilis and A. colchica in Hungary. Amphib.-
Reptil. 35: 135-140.

Theodoropoulos, A., Stewart, K.A., Wielstra, B. (2025a):
Scientists’ warning on genetic pollution. Discov. Con-
serv. 2: 20.

Theodoropoulos, A., Barten, R., Bijlsma, L., Couweleers,
T., van Eden, A., Gosselink, M., Martinali, M., Plomp,
S., Twilt, S., Hop, S., van der Maat, Z., Dufresnes,
C., France, J., Struijk, R.P.J.H., Stark, T., Wielstra, B.
(2025b): The invasive marsh frogs advancing into The
Netherlands carry a diverse mix of mtDNA. Amphibia-
Reptilia 46. DOI:10.1163/15685381-bja10239.

Trifinopoulos, J., Nguyen, L.-T., von Haeseler, A., Minh,
B.Q. (2016): W-IQ-TREE: a fast online phylogenetic
tool for maximum likelihood analysis. Nucleic Acids
Res. 44: W232-W235.

Villesen, P. (2007): FaBox: an online toolbox for fasta
sequences. Mol. Ecol. Notes 7: 965-968.

Vliegenthart, C., van de Vrede, M., den Boer, L., Gilbert, M.,
Lemmers, P., France, J., de Visser, M., Struijk, R.P.J.H.,
Wielstra, B. (2023): The limits of mtDNA analysis for
determining the provenance of invasive species: a mid-
wife toad example. Amphibia-Reptilia 44: 27-33.


https://doi.org/10.1163/15685381-bja10239

