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Several molecular protocols have been published to rapidly
identify water frog species (genus Pelophylax) at low costs by
genotyping without sequencing. Here, we compare identifications
based on one morphological character (the shape of the metatarsal
tubercle) with identifications based on one mitochondrial (COI) and
one nuclear marker (SAl-1) - for which the PCR products shows
species-diagnostic length polymorphism - for three populations (19
individuals) representative of P. lessonae, P. ridibundus, and their
hybrid P. esculentus; the three species present in The Netherlands.
Species identification based on the shape of the metatarsal tubercle
is consistent with the known distribution of water frogs in the
country. However, species identification based on genetic markers
yielded discordant patterns, namely that P. lessonae occurs in the
western Netherlands, where it is presumably absent. We discuss
potential natural (introgression of mtDNA) and technical
(unsuitability of SAI-1 for species identification in The Netherlands)
reasons that could explain the discrepancies. Before reliable
molecular identification based on genome-wide loci data becomes
easily accessible, morphological and acoustic characteristics remain
the most reliable way to identify Pelophylax populations in The
Netherlands.
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INTRODUCTION

Hybridogenesis is a phenomenon that is common in water frogs, genus
Pelophylax Fitzinger, 1843 (Dufresnes & Mazepa 2020). In this system, hybrids (or
hemiclones) produce gametes in which they exclude one parental genome, and that
contain only the unrecombined genome of the other parental species (Berger 1967). By
mating with the parental species of which the genome was excluded, a new generation
of hemiclonal hybrids is produced. The continuous hybrid line perpetuates a mixture of
morphological and genetic traits intermediate between the two parental species, which
complicates species identification (Hauswaldt et al. 2012). The most studied example of
hybridogenesis is between the pool frog Pelophylax lessonae (Camerano, 1882)
(genomes LL) and the marsh frog Pelophylax ridibundus (Pallas, 1771) (genomes RR),
which leads to the hybrid edible frog Pelophylax esculentus (Linnaeus, 1758) (genomes
LR) (Dufresnes et al. 2024b). In addition to diploid hybrids, hybrid individuals with
higher levels of ploidy exist in the northern and eastern parts of the Pelophylax range,
especially two different types of triploids (LLR and LRR) (Christiansen 2009;
Hoffmann et al. 2015; Dufresnes & Mazepa 2020).

All three water frog species, and the two types of triploids, occur in The
Netherlands. While P. lessonae is distributed predominantly in the higher sandy areas of
the southern and eastern parts of the country, P. ridibundus occurs mostly in the
lowland wet areas (peaty and clay soils) of the northern and western part, and P.
esculentus is found across practically the entire country (Creemers & van Delft 2009).
Species identification is generally conducted at the level of the population based on
multiple morphological and acoustical traits (Creemers & van Delft 2009). Elucidating
species distribution and ploidy level in The Netherlands has historically been based on
laboratory methods such as examining erythrocyte length or allozyme analysis
(Blommers-Schlosser 1990). Quick and cheap genotyping without sequencing PCR
protocols, involving both mitochondrial and nuclear markers, have since become
available (Hauswaldt et al. 2012; Ermakov ef al. 2019; Cuevas et al. 2022), prompting
us to assess their reliability through comparison with phenotypic data. Here, we
compare species identification based on one morphological character, the shape of the
metatarsal tubercle (Fig. 1), with species identification based on one mitochondrial and
one nuclear marker, for three populations in The Netherlands, together representing all
three species.

METHODS

Nineteen adult water frogs were caught at nighttime at three locations: Meije
(ditch, 52.120° N, 4.795° E; west Netherlands; n = 3), Zevenhuizen (ditch, 52.009° N,
4.575° E; west Netherlands, n = 9) and Rheeze (pond, 52.556° N, 6.562° E; ecast
Netherlands; n = 7). Meije and Zevenhuizen are in the western province Zuid-Holland,
where P. ridibundus is typically distributed, while Rheeze is in the eastern province
Overijssel, where P. lessonae is typically distributed; P. esculentus is expected to occur
at all sites.

Fieldwork was conducted under collection permits and guidelines for the
prevention of disease spreading, as stipulated by the amphibian conservation agency of
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The Netherlands (RAVON), were respected. Frogs were handled with gloves during
measurements as well as skin or buccal swabbing; nets and boots were cleaned and
disinfected between sites. Sex was established in the field based on the presence of
nuptial pads. Snout-vent length (SVL) was measured, and the shape of the metatarsal
tubercle was examined. Frogs were sampled for DNA using Copan 155C Rayon swabs.
All individuals were skin swabbed, and all except three (because the mouth would not
open, see Table 1) were also buccal swabbed.

Morphological species identification was performed by determining the shape of
the metatarsal tubercle (Fig. 1) as follows: large and symmetrical for P. lessonae; large
and asymmetrical for P. esculentus, small and asymmetrical for P. ridibundus.

For genetic species identification, DNA was extracted with the Wizard®
Genomic DNA purification kit (Promega). Two markers that feature species-diagnostic
length polymorphism distinguishable by agarose gel electrophoresis were amplified by
PCR, namely the nuclear marker serum albumin intron 1 (SAI-1; with primers Pel-SA-
F1 and Pel-SA-R2) and the mitochondrial marker cytochrome c oxidase subunit I (COI
with primers COIR-Pu, COIF-Pl, COIF-Pr and COIF-Pb) (Hauswaldt et al. 2012;
Ermakov et al. 2019). PCRs were conducted with the QIAGEN multiplex PCR master
mix in 12 pl reactions containing 0.6 pl of each nuclear primer or 0.3 pl of each
mitochondrial primers (end concentrations of 0.5 pM), 6.0 ul QIAGEN multiplex PCR
master mix, 3.8 ul purified water and 1 pl of DNA extract. The PCR protocol consisted
of 95°C for 15 minutes for activation, 35 cycles of denaturation at 94°C for 30 seconds,
annealing at 59°C (SAI-1) or 57°C (COl) for 60 seconds, elongation at 72°C for 60
seconds, completed with a final elongation at 72°C for 10 minutes.

RESULTS AND DISCUSSION

Morphological species identification based on the shape of the metatarsal
tubercle are in line with the expected distributions of the species (Cremers & van Delft
2009). All nine individuals from the eastern Rheeze population were assigned to P.
lessonae (Table 1). The three individuals form Meije and the nine individuals from
Zevenhuizen were assigned to either P. esculentus or P. ridibundus.

Both genetic markers amplified in all 19 Pelophylax samples (Table 1), which
were assigned to either of the three species based on PCR amplicon length (Fig. 2). For
the nuclear SA4I-1, we did not retrieve the length polymorphism expected for P.
ridibundus (a single band at £840 bp), even in western populations of Meije and
Zevenhuizen where this species was expected. Instead, all individuals were assigned to
either P. lessonae (a single band at £300 bp) or P. esculentus (one band at +840 bp and
one band at £300 bp). For the mitochondrial COI, all but three individuals feature P.
lessonae electrophoresis profile (a 294 bp band). One individual (swab_1520) from
Zevenhuizen was assigned to P. ridibundus (a 214 bp band), whereas two individuals
from this location (swab_1521 and swab_1522) had both bands.

Buccal swabbing performed better than skin swabbing. In the three samples that
were only skin swabbed (Table 1), the mitochondrial marker amplified normally, but
the nuclear marker only amplified after tripling the amount of template DNA in the
PCR mix.
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Table 1. Water frog (Pelophylax) samples and their localities (see Methods for GPS coordinates),
snout-vent-length (SVL, in mm), sex, and identification based on the shape of metatarsal tubercle,
as well as the nuclear and mitochondrial genotypes; purple: P. lessonae; pink: P. esculentus;
orange: P. ridibundus. *only skin swabbed.

Sample Location SVL Sex ShapeT?lilngI:tarsal nuclear DNA mito}glll\(l)zdrial
swab_1509%* Meije 55 Male P. esculentus P. lessonae P. lessonae
swab_1510%* Meije 60 Male P. esculentus P. esculentus P. lessonae
swab_1511* Meije 60 Male P. ridibundus P. esculentus P. lessonae
swab 1513  Zevenhuizen 78  Female P. ridibundus P. lessonae P. lessonae
swab 1514 Zevenhuizen 84 Male P. ridibundus P. esculentus P. lessonae
swab 1515 Zevenhuizen 83 Male P. ridibundus P. esculentus P. lessonae
swab 1516  Zevenhuizen 72 Male P. esculentus P. esculentus P. lessonae
swab 1518 Zevenhuizen 75 Male P. esculentus P. lessonae P. lessonae
swab 1519 Zevenhuizen 78  Female P. esculentus P. lessonae P. lessonae
swab 1520 Zevenhuizen 85  Female P. esculentus P. lessonae P. ridibundus
swab 1521  Zevenhuizen 83 Male P. ridibundus P. lessonae heteroplasmy?
swab 1522  Zevenhuizen 69 Male P. ridibundus P. lessonae heteroplasmy?
swab_1524 Rheeze 46 Male P. lessonae P. lessonae P. lessonae
swab_1525 Rheeze 42 Male P. lessonae P. lessonae P. lessonae
swab_ 1526 Rheeze 50  Female P. lessonae P. esculentus P. lessonae
swab_ 1527 Rheeze 44  Female P. lessonae P. esculentus P. lessonae
swab_ 1528 Rheeze 44 Female P. lessonae P. lessonae P. lessonae
swab_ 1531 Rheeze 40  Female P. lessonae P. lessonae P. lessonae
swab_ 1532 Rheeze 43  Female P. lessonae P. lessonae P. lessonae

P. lessonae P. esculentus P. ridibundus

Big, symmetrical,
semicircular shape

Figure 1. The shape of the metatarsal tubercle as a morphological trait

Big, asymmetrical, pointing

towards tip of the toe

e

Small, asymmetrical, cillindrical

to triangular in shape

for species identification in water frogs (Pelophylax).
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While the shape of the metatarsal tubercle is consistent with species
identification based on previous allozyme data (Blommers-Schldsser 1990), the two
genetic markers tested are not. Gel electrophoresis banding patterns for nuclear and
mitochondrial DNA typical of P. lessonae are found for samples from areas only
inhabited by P. ridibundus and P. esculentus (Table 1; Creemers & van Delft 2009). It
has been shown that species identification based on the S4I-1 nuclear DNA marker is
not reliable across the entire Pelophylax range, because the length polymorphism is not
fully species diagnostic (Dufresnes et al. 2024b). Furthermore, mtDNA shows massive
introgression in some parts of the Pelophylax distribution (Plotner et al. 2008;
Dufresnes et al. 2024b). Our findings show that species identification based on the two
molecular markers genotyped here is unreliable in The Netherlands, while the
morphological character conforms to the known species distributions.

The two bands on the COI gel observed for two Zevenhuizen individuals might
reflect mitochondrial heteroplasmy. This phenomenon could be caused by paternal
leakage in hybrids, namely where the mitochondrial DNA of a different species than the
al. 2015). However, these individuals are suggested to either be P. ridibundus
(morphology) or P. lessonae (SAI-1), but not hybrids. Sequencing SAI-1 would be
required to clarify these conflicting patterns.

Genetic identification with one nuclear marker in a complex that hybridizes
extensively is likely to be inaccurate, particularly if the marker is not fully diagnostic
(Dufresnes et al. 2024a). SAI-1 has been used in many studies (e.g., Vuci¢ ef al. 2018),
but its length polymorphism must be interpreted with caution, especially around the
Alpine region, where similar discrepancies were reported (Dufresnes et al. 2024a). Our
results thus suggest that the geographical region across which the length polymorphism
in P. lessonae is problematic for species identification is more extensive than previously

thought.
nucDNA 59°C mxPCR Pel_SA1 [+300bp=lessonae] + [+840bp=ridibundus]

nucDNA | lessonae lessonae lessonae | lessonae | lessonae | lessonae | lessonae | lessonae | lessonae lessonae | lessonae | lessonae
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mtDNA 59°C mxPCR COI [294bp=Ilessonae] + [214bp=ridibundus]
mtDNA | lessonae | lessonae | lessonae | lessonae | lessonae | lessonae | lessonae | lessonae | lessonae |ridil both both lessonae | lessonae | lessonae | lessonae | lessonae | lessonae | lessonae
control

Ladder 1509 1510 1511 1513 1514 1515 1516 1518 1519 1520 1521 1522 1524 1525 1526 1527 1528 1531 1532

|

Figure 2. Gel electrophoresis profiles of the 19 Pelophylax individuals for the nuclear marker SAI-1 (top)
and the mitochondrial marker COI (bottom). Individuals are assigned based on the length of
the PCR amplicons to P. lessonae (purple), esculentus (pink), ridibundus (orange).
For COI, the individuals with two bands are highlighted in yellow.
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Another consideration is that triploid hybrids are common in The Netherlands
(Blommers-Schlosser 1990; Blommers-Schlosser 1992), which could complicate
species assignment. Newer genome wide methods, such as techniques employing many
Single Nucleotide Polymorphism (SNPs), are needed to accurately accomplish species
identification and calibrate new, more reliable methods. Target capture, in which
fragments of thousands of genes are sequenced (Andermann et al. 2020), could increase
the resolution to determine degree of hybridization and introgression (as well as ploidy
levels). FrogCap, a target capture baitset, is already available for frogs, but has not yet
been used for the genus Pelophylax (Hutter et al. 2022). When a broader genetic canvas
becomes available, a new set of markers could be developed for smaller and quicker
genotyping for accurate species determination in Pelophylax. While awaiting these
developments, a recently proposed PCR-RFLP method involving two nuclear DNA
markers (Cuevas et al. 2022) would be a useful alternative in The Netherlands,
providing proper testing.

At the moment, identification based on morphological and acoustic
characteristics appear the most reliable in The Netherlands, although they can be
inconvenient. For instance, it is strongly advised to use a broad set of morphological
characters (Creemers & van Delft 2009; Speybroeck et al. 2016). Additionally, the male
advertisement calls can only be used for species identification during the breeding
season.
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