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European water frogs from the genus Pelophylax are particular among amphibians as they
can produce hybrids (named kleptons) reproducing by hybridogenesis. Four klepton
species have been described in Europe: Pelophylax kl. esculentus, P. kl. hispanicus,
klepton PK, and P. kl. graû. While these kleptons originated naturally in areas where the
parental species occur in sympatry, human-mediated translocations of water frogs across
Europe have altered this dynamic. As a result, several Pelophylax species and kleptons are
now found outside their natural ranges, posing a threat to autochthonous water frogs.
Additionally, the subtle morphological diûerences between Pelophylax species make
hybrid identiûcation and, thus, conservation diûcult. In the present study, we analyzed
423 specimens from 54 populations sampled across Catalonia and implemented a two-step
molecular method to identify all species of water frogs present in Catalonia. We also
examined the mitochondrial genome of the hybrid Pelophylax kl. graû to obtain new
insights into their reproductive system and spatial structure. Despite the large number of
samples analyzed, only the native P. perezi and its klepton P. kl. graû were found, with the
proportion of the latter being unexpectedly high. Results showed a high misidentiûcation
rate based on morphology compared to molecular methods, indicating that identiûcation
of P. kl. graû through morphological characters is unreliable. Furthermore, the
mitochondrial DNA of hybrid specimens entirely belonged to P. perezi and showed high
intra-speciûc variability. This suggests either a single hybridization event involving a male
P. ridibundus or P. kl. esculentus and a female P. perezi, or that P. ridibundus mitochondrial
DNA has been eliminated from the P. kl. graû germline by adaptive or non-adaptive
processes. This study oûers new insights into the distribution and composition of the North
Iberian Pelophylax hybridogenetic complex, providing comprehensive sampling across one
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of the main entry points of the complex into the Iberian Peninsula.
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20 Abstract

21 European water frogs from the genus Pelophylax are particular among amphibians as they can 

22 produce hybrids (named kleptons) reproducing by hybridogenesis. Four klepton species have been 

23 described in Europe: Pelophylax kl. esculentus, P. kl. hispanicus, klepton PK, and P. kl. grafi. 

24 While these kleptons originated naturally in areas where the parental species occur in sympatry, 

25 human-mediated translocations of water frogs across Europe have altered this dynamic. As a result, 

26 several Pelophylax species and kleptons are now found outside their natural ranges, posing a threat 

27 to autochthonous water frogs. Additionally, the subtle morphological differences between 

28 Pelophylax species make hybrid identification and, thus, conservation difficult. In the present 

29 study, we analyzed 423 specimens from 54 populations sampled across Catalonia and implemented 

30 a two-step molecular method to identify all species of water frogs present in Catalonia. We also 

31 examined the mitochondrial genome of the hybrid Pelophylax kl. grafi to obtain new insights into 

32 their reproductive system and spatial structure. Despite the large number of samples analyzed, only 

33 the native P. perezi and its klepton P. kl. grafi were found, with the proportion of the latter being 

34 unexpectedly high. Results showed a high misidentification rate based on morphology compared 
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35 to molecular methods, indicating that identification of P. kl. grafi through morphological 

36 characters is unreliable. Furthermore, the mitochondrial DNA of hybrid specimens entirely 

37 belonged to P. perezi and showed high intra-specific variability. This suggests either a single 

38 hybridization event involving a male P. ridibundus or P. kl. esculentus and a female P. perezi, or 

39 that P. ridibundus mitochondrial DNA has been eliminated from the P. kl. grafi germline by 

40 adaptive or non-adaptive processes. This study offers new insights into the distribution and 

41 composition of the North Iberian Pelophylax hybridogenetic complex, providing comprehensive 

42 sampling across one of the main entry points of the complex into the Iberian Peninsula. 

43

44 Keywords: Hybridogenesis, Pelophylax, klepton, sexual parasite, genome exclusion, 

45 hybridogenetic complex, European water frogs. 

46

47 1. Introduction

48 The Pelophylax genus, widely distributed across the Western Palearctic, is known for its complex 

49 reproductive systems, particularly in hybrid zones where hybridogenetic mechanisms occur 

50 (Berger, 1988, 1967; Dubois and Günther, 1982; Graf and Polls-Pelaz, 1989; Holsbeek and Jooris, 

51 2010; Schultz, 1969). In these systems, hybrids often rely on individuals from one of the parental 

52 species for reproduction, acting as sexual parasites and earning the designation "kleptons" (Berger, 

53 1988). Hybridogenetic reproduction involves the production of hemiclonal offspring, a process 

54 where one parental genome is inherited clonally while the other is replaced by a genome from a 

55 sympatric parental species (Dudzik et al., 2023; Graf and Polls-pelaz, 1989; Ogielska, 1994; 

56 Pagano et al., 1997; Tunner and Heppich, 1981; Tunner and Heppich-Tunner, 1991). The absence 

57 of recombination (Lehtonen et al., 2013) means that a �fixed-in-time� genome is transmitted from 

58 one generation to another, with records of having persisted for at least 25,000 generations (Guex 

59 et al., 2002). This unique mode of reproduction, which merges aspects of both sexual and asexual 

60 reproduction, allows hybrid lineages to persist across generations and even colonize less-suitable 

61 environments. 

62 Kleptons, such as Pelophylax kl. esculentus, perpetuate their hybrid lineages by crossing 

63 with a parental species, often eliminating one of the parental genomes during gametogenesis. The 

64 hybrid reproductive systems display considerable geographic variation in how parental genomes 

65 are excluded, which directly influences hybrid population structure (Plötner et al., 2008; Skierska 
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66 et al., 2023). For example, the L-E system (crosses between P. lessonae and P. kl. esculentus) 

67 predominantly excludes the P. lessonae genome and retains the parental P. ridibundus genetic 

68 material, whereas in the R-E system (P. ridibundus x P. kl. esculentus), the elimination of the P. 

69 ridibundus genome occurs less efficiently, leading to variable hybrid and parental offspring 

70 proportions (Berger, 1973; Dubey and Dufresnes, 2017; Graf et al., 1977; Plötner et al., 2008). 

71 Such reproductive flexibility highlights the adaptive potential of kleptons, which are capable of 

72 evolving diverse strategies depending on the local parental species or even persisting without them 

73 in all-hybrid populations (Christiansen, 2009) (Fig. 1). 

74 Mitochondrial DNA (mtDNA) introgression has also been an important area of study in 

75 these hybrid systems (Dubey and Dufresnes, 2017; Hofman et al., 2012; Plötner et al., 2008; 

76 Spolsky and Uzzell, 1986, 1984). For instance, despite P. kl. esculentus being expected to possess 

77 P. ridibundus mtDNA due to size-related behavioral differences in mating (Berger, 1970), many 

78 hybrids contain P. lessonae mtDNA, suggesting that rare backcrosses with P. lessonae females 

79 could have occurred (Spolsky and Uzzell, 1986). The transfer of mtDNA between species can 

80 influence fitness, with studies indicating that introgressed P. ridibundus individuals carrying P. 

81 lessonae mtDNA may have an adaptive advantage under hypoxic conditions potentially allowing 

82 hybrid and parental species to better cope with environmental pressures such as oxygen deficiency 

83 in polluted or warm waters (Plötner et al., 2008; Tunner and Nopp, 1979).

84 The human-mediated translocation of water frogs across Europe has further complicated the 

85 dynamics of Pelophylax kleptons. These movements, driven by activities such as the frog-leg trade 

86 and pet industry, have resulted in the introduction of species like P. ridibundus into new habitats, 

87 where they can outcompete native species (Arano et al., 1995; Dufresnes et al., 2017). In some 

88 cases, these introductions lead to the formation of novel kleptons between species that do not 

89 naturally coexist (Dufresnes et al., 2017), with significant ecological and genetic consequences for 

90 native populations (Holsbeek and Jooris, 2010). In regions such as Switzerland and France, native 

91 populations of P. lessonae and P. perezi have been displaced by the invasive P. ridibundus, which 

92 possesses a competitive advantage due to traits such as higher fecundity, larger body size, and 

93 faster growth rates (Berger, 1970; Schmeller et al., 2007; Vorburger and Reyer, 2003).

94 The genetic impact of hybridization and introgression in these systems raises significant 

95 conservation concerns. The difficulty in morphologically distinguishing hybrids from parental 

96 species complicates efforts to protect native populations (Hauswaldt et al., 2012). Identification of 
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97 Pelophylax species and their hybridogenetic systems is already challenging due to morphological 

98 similarities, hybrid variability, and overlapping habitats. While parental species like P. lessonae 

99 and P. ridibundus can often be distinguished by size, coloration, and habitat preferences, hybrids 

100 such as P. kl. esculentus show intermediate traits, making visual identification difficult. Acoustic 

101 differences, especially in male calls, offer another means of distinguishing species, but hybrids 

102 may also exhibit overlapping vocal characteristics (Gomes de Almeida et al., 2024). The same 

103 applies to the P-G system, in which the high levels of morphological variability sometimes 

104 preclude identification despite the apparent existence of diagnostic characters between P. perezi 

105 and P. kl. grafi (Crochet et al., 1995; Pérez-Sorribes et al., 2018). In any case, tadpoles of hybrids 

106 in the L-E, P-G, and other systems cannot be identified with certainty based on their morphology 

107 alone. Genetic identification, particularly through targeted molecular markers, has become 

108 essential for reliably identifying hybrids and detecting putative introductions, especially when 

109 morphological traits are ambiguous or hybrid populations are established in new regions (Cuevas 

110 et al., 2022).

111 Despite occasional reports of introduced P. ridibundus and P. lessonae specimens, most 

112 probably escaping from frog-leg farms or originating from horticultural activities (Arano et al., 

113 1995), the main species of water frog in the Iberian Peninsula are P. perezi and P. kl. grafi. The 

114 main hybridogenetic system in this region, found surrounding the Pyrenees, is the P-G system, 

115 where the parental P. perezi genome is excluded during hybrid gametogenesis (Cuevas et al., 

116 2022). The origins of P. kl. grafi remain unclear, but may stem from ancestral crosses between P. 

117 perezi and P. ridibundus during periods of range overlap or from crosses between P. perezi and P. 

118 kl. esculentus from the L-E system (Arano and Llorente, 1995). Identifying the precise origins of 

119 these kleptons through molecular methods is essential for unraveling their evolutionary history 

120 and supporting conservation efforts (Dufresnes et al., 2017). Across the French side of the 

121 Pyrenees, the composition of Pelophylax species is much more variable where several stable 

122 populations of introduced P. ridibundus and P. kurtmuelleri have been reported (Demay et al., 

123 2023; Dufresnes et al., 2024, 2017). Additionally, the native P. lessonae, the kleptons P. kl. 

124 esculentus, and the newly identified klepton PK (P. perezi x P. kurtmuelleri) occur close to the 

125 Spanish border (Dufresnes et al., 2017). Studies examining the natural introduction corridors some 

126 of these species may follow could offer valuable insights into the ongoing evolutionary processes 

127 between Pelophylax species.
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128 In this study, we conducted a comprehensive sampling of water frogs across Catalonia, 

129 northeastern Spain, where P. perezi and its hybridogenetic klepton P. kl. grafi occur. We obtained 

130 an unprecedented sampling including 423 water frogs from 54 localities distributed across the 

131 main water basins. Then we used a two-step molecular identification technique, to examine the 

132 species distribution, assess the accuracy of morphological identification, and evaluate if any 

133 introduced species foreign from the P-G system occur in the region. Additionally, we explored the 

134 mitochondrial genome of P. kl. grafi hybrids to gain insights into the geographic variation and 

135 population structure in this complex. Results showed that morphological identification is highly 

136 unreliable in contrast to molecular methods. Hybrids of the P-G system are widely distributed 

137 across the entire region and, interestingly, all P. kl. grafi present P. perezi�s mitochondrial 

138 genomes.

139

140 2. Materials and methods

141 2.1. Sampling

142 A total of 423 water frogs from 54 localities were collected between January to June 2018, at the 

143 peak of the breeding season of Pelophylax (Fig. 2 and Table S1). In addition, samples from the 

144 natural ranges of P. kurtmuelleri (n=1, Greece), P. lessonae (n=1, France), and P. ridibundus (n=1, 

145 Saudi Arabia) were included. Sampling was designed to cover all main river basins within 

146 Catalonia, Spain, placing special focus in the closest basins to the French border, given the possible 

147 natural entrance of the klepton from southern France into the Iberian Peninsula. Populations 

148 connected through rivers were selected so that there was a minimum distance of 10 km between 

149 them. However, this minimum distance was not considered when localities were separated by a 

150 geographical barrier.

151 To ensure that the sampling effort was similar at all localities Iberian water frogs were 

152 captured over a 20 minute span. Individuals collected were identified to species level according to 

153 general morphological characteristics such as size, color, head shape, snout shape, extent of the 

154 interdigital membrane, size and shape of the metatarsal tubercle, and, especially, by the shape and 

155 distance between the proximal edges of the vomerine ridges (Crochet et al., 1995; Duguet and 

156 Melki, 2003; Pérez-Sorribes et al., 2018; Plötner et al., 1994; Plötner, 2010). Tadpoles and doubtful 

157 specimens were classified as Pelophylax sp. For every collected specimen, dorsal and ventral 
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158 photographs, live stage (adult, juvenile, or tadpole), and sex (male, female, or undetermined; Table 

159 S1) were recorded, and a tissue sample was obtained by toe-clipping in case of adults or juvenile 

160 specimens, or by a 5 mm tail tip in case of tadpoles. Tissue samples were preserved in absolute 

161 ethanol and stored at -20ºC. To minimize blood loss, a tissue adhesive produced from enbucrilate 

162 (Histoacryl, B. Braun Surgical) was immediately applied to the wound. All collected individuals 

163 were released at the same collecting spot after manipulation. Manipulation of all amphibian 

164 specimens followed a strict biosecurity protocol (Protocol Sanitari d�Amfibis de la Generalitat de 

165 Catalunya) established to avoid the spread and infection of emergent diseases (Berger et al., 1998; 

166 Brenes et al., 2014; Martel et al., 2013).

167 Collection and manipulation of the specimens included in this work was approved by the 

168 Servei de Fauna i Flora del Departament de Territori i Sostenibilitat de la Generalitat de Catalunya 

169 (permit numbers: SF/0040, SF/0041, SF/0042, SF/0043). A special permission was acquired for 

170 collecting inside the following protected natural areas: Parc Natural del Delta de l�Ebre; Parc 

171 Natural dels Ports; Parc Natural del Montgrí, les Illes Medes i el Baix Ter; Parc Natural dels 

172 Aiguamolls de l�Empordà; Parc Natural d�Interès Nacional de l�Albera; Parc Natural de la Zona 

173 Volcànica de la Garrotxa; Espai d�Interès Natural de l�Alta Garrotxa. Regarding the sampling, 

174 study design, and sample manipulation of wildlife specimens, this study adheres to the ARROW 

175 guidelines (Field et al., 2019).

176

177 2.2. Molecular species identification

178 Genomic DNA was extracted from the alcohol-preserved tissues following a standard high-salt 

179 protocol (Sambrook et al., 1989). A two-step molecular protocol was then performed to 

180 discriminate between all four recognized extant kleptons of Western European water frogs and 

181 their respective parental species. 

182

183 The first step was based on the different cutting pattern of the PCR amplified region of the 

184 Recombination activating gene 1 (RAG1) with the restriction enzyme EcoO109I (see Cuevas et 

185 al., 2022 for a similar approach). The different number and disposition of cleavage sites between 

186 Pelophylax species and kleptons allow for the discrimination of Pelophylax into three groups: 1) 

187 One band in P. perezi, P. lessonae and P. bergeri; 2) Two bands in P. ridibundus and P. 

188 kurtmuelleri; 3) Three bands in P. kl. grafi, P. kl. esculentus, P. kl. hispanicus and PK. The RAG1 
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189 nuclear region was amplified using the same primers as in Newman et al. (2012) MartFL1 (5�-

190 AGC TGC AGY CAG TAC CAC AAA ATG-3�) and AMPR1rana (5�-AAT TCA GCT GCA TTT 

191 CCA ATG TC-3�) and PCR conditions were as follows: initial denaturation step at 95ºC for 5 

192 minutes; 41 cycles of denaturation at 94ºC for 1 minute, annealing at 59ºC for 1.5 minutes and 

193 elongation 72ºC for 1 minute; final extension step at 72ºC for 10 minutes. Digestion of the 

194 amplified RAG1 bands was carried out in a final volume of 25 µL, containing 1x EcoO109I Buffer, 

195 10 units of EcoO109I enzyme, 8 µL of the amplified PCR product, and the remaining volume up 

196 to 25 µl of H2O. The digestion mix was incubated at 37º for 1.5 hours and inactivated at 65º for 

197 20 minutes. The final product was run on a 1.5% agarose gel for visualization and band 

198 identification.

199 Although, the first step already allowed for a reliable identification of all Pelophylax 

200 species present in Spain and large areas of Southern France (P. ridibundus, P. perezi, and P. kl. 

201 grafi), a second step was performed to ensure a final discrimination at the specific level for each 

202 specimen. This step relied on the different sizes of the PCR amplified fragment of the serum 

203 albumin intron-1 (SAI-1), which contains a non-LTR retrotransposon of the chicken repeat family 

204 (RanaCR1; Cuevas et al., 2022; Hauswaldt et al., 2012). The SAI-1 region was amplified using 

205 the same primers as in Hauswaldt et al., (2012) with the following PCR conditions: Initial 

206 denaturation step of 94ºC for 1.5 minutes; 35 cycles of denaturation at 94ºC for 30 seconds, 

207 annealing at 59ºC for 40 seconds and elongation at 72ºC for 100 seconds; final extension at 72ºC 

208 for 10 minutes. A total of 3µL of PCR product was run on a 1.5% agarose gel. As a result of the 

209 small size difference between P. kurtmuelleri, P. ridibundus, and P. perezi, apart from the 100 bp 

210 ladder we also loaded as a size control a mixture of amplified SAI-1 of P. ridibundus, P. 

211 kurtmuelleri, and P. lessonae. 

212 2.3. Mitochondrial DNA (mtDNA) amplification and sequencing

213 A region of the cytochrome b (cyt-b) mtDNA was amplified for a representative sample (194 

214 specimens) of all the specimens identified as kleptons to investigate the origin of their maternal 

215 DNA and the levels of mtDNA genetic diversity (Table S1). The cyt-b region was amplified using 

216 primers CYTB_PeloF (5�-ATG ATG AAA CTT TGG CTC C-3�) and CYTB_PeloR (5�-TCT 

217 GGC TTA ATG TGG GGG-3�) with the following PCR conditions: Initial denaturation step of 

218 94ºC for 5 minutes; 35 cycles of denaturation at 94ºC for 30 seconds, annealing step at 56ºC for 
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219 45 seconds and elongation at 72ºC for 80 seconds; final extension step at 72ºC for 5 minutes. 

220 Sequencing of the PCR products was carried out by Macrogen Europe.

221

222 2.4. Phylogenetic and network analyses

223 For all 194 sequences, chromatographs were checked manually, assembled, and edited using 

224 Geneious v.9.0.5 (Biomatters Ltd.). Sequences were translated into amino acids and no stop 

225 codons were observed. A haplotype network was inferred for the 194 cyt-b sequences obtained in 

226 the present work (Appendix A) using the TCS statistical parsimony network approach (Clement 

227 et al., 2001) implemented in the program PopART (Leigh and Bryant, 2015). A subset of 22 

228 specimens was then selected representing each retrieved haplotype for phylogenetic analyses (see 

229 Results). The 22 representative sequences were aligned together with a set of sequences 

230 downloaded from GenBank, including most of the described species of Pelophylax and a 

231 representative of Lithobates catesbeianus that was used to root the phylogenetic tree (Table S2; 

232 sequences from Dubey and Dufresnes, 2017; Lymberakis et al., 2007). The assembled dataset was 

233 aligned using MAFFT v.6 (Katoh and Standley, 2013) with default parameters. Phylogenetic 

234 analyses were performed using Maximum Likelihood (ML) and Bayesian Inference (BI) methods. 

235 A GTR+G substitution model was selected under the Akaike information criterion (Akaike et al., 

236 1973) using jModelTest v.2.10 (Posada, 2008), and ML phylogenetic analyses were conducted 

237 with RAxML v.7.4.2 (Stamatakis, 2006) with 100 random starting trees and 1,000 bootstrap 

238 replicates. BI analyses were performed with MrBayes v.3.2.6 (Ronquist et al., 2012). Two 

239 simultaneous runs were performed with four chains per run for 2x106 generations sampling every 

240 200 generations. The standard deviation of the split frequencies between the two runs and the 

241 Potential Scale Reduction Factor (PSRF) diagnostic were examined and convergence and 

242 stationarity were ensured (ESS>200) using Tracer v.1.6 (Rambaut and Drummond, 2013). We 

243 conservatively discarded the first 25% of trees as burn-in. 

244

245 3. Results

246 3.1. Field sampling and preliminary morphological identification

247 Our sampling effectively covered the entire known distribution range of the genus Pelophylax in 

248 Catalonia (Fig. 2), including all major river basins. The final sampling included 423 water frogs 

249 spanning through 54 localities (Table 1). From all 423 Pelophylax, 125 were males, 65 females, 
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250 164 juveniles, and 69 tadpoles (Table 2). According to morphological identification, 192 

251 specimens were classified as P. perezi, 79 as P. kl. grafi, and 152 could not be identified (mainly 

252 juveniles and tadpoles; Tables 2 and S1).

253 3.2. Molecular identification and geographic distribution

254 The two-step molecular identification method allowed for the unambiguous identification of all 

255 423 sampled water frogs, including all tadpoles (Table 2 and Figs. 3, S1, and S2). Interestingly, 

256 despite the high number of specimens analyzed from a wide range of localities across Catalonia, 

257 only two species of water frogs were found, P. perezi and P. kl. grafi. As shown in Table 1, 23 out 

258 of the 54 populations sampled presented both P. perezi and P. kl. grafi in sympatry, with 17 

259 populations including only representatives of P. perezi and 14 populations only representatives of 

260 P. kl. grafi. While both species are widely distributed across Catalonia, a relatively large region 

261 between Barcelona and the Ebro Delta seems devoid of P. kl. grafi (i.e., populations P4, P12, P14-

262 P17, P21-P23 add up to 53 P. perezi and no P. kl. grafi; Fig 3). Finally, there does not seem to be 

263 any geographic pattern in the distribution of the 14 populations that solely contained P. kl. grafi 

264 (Fig. 3).

265 3.3. Mitochondrial DNA (mtDNA) analyses

266 A total of 194 specimens of P. kl. grafi were selected for molecular analyses, including at least 

267 one representative from each one of the 37 localities with P. kl. grafi specimens representing 

268 78.5% of the total number of P. kl. grafi specimens identified in this work (Table 1). The selected 

269 specimens were sequenced for the cyt-b mitochondrial gene in order to know: 1) The mitochondrial 

270 composition of the kleptons; 2) The level of mtDNA genetic variability, and 3) The geographic 

271 distribution of the different haplotypes. 

272 The results of the phylogenetic analyses on the cyt-b indicated that all 194 P. kl. grafi 

273 analyzed had P. perezi mtDNA (Fig. 4). There were a total of 22 unique haplotypes (H), of which 

274 H1, H16, and H22 were the most frequent with 91, 18, and 44 specimens, respectively. As shown 

275 in Table 1 and Figure 5, the most common haplotype (H1) is distributed throughout the entire 

276 study area, except for the northwesternmost part, where only H22 was found. Aside from the 

277 extreme northwest, H22 is also widely distributed around Barcelona stretching to the north but 

278 seems absent from the southern half of Catalonia (15 specimens analyzed from three different 

279 populations, P18-P19, P43). The third most common haplotype was restricted to two 

280 geographically close populations (P6, P53) from the Montnegre i el Corredor Natural Park. While 
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281 some populations with a relatively high number of sequenced specimens presented a single 

282 haplotype (P39, P11, P24, P46), other populations presented higher haplotype diversity with the 

283 highest being P36 (six haplotypes), P31 (five haplotypes), P5 (four haplotypes), and P32-P33 and 

284 P37 (three haplotypes). Interestingly, and contrasting to the situation in the northwest of Catalonia, 

285 all the populations with three or more haplotypes were restricted to northeastern Catalonia (Fig. 

286 5).  

287

288 4. Discussion

289 4.1. Identification and distribution of Pelophylax in Catalonia

290 In the present study, we have generated a comprehensive and exhaustive sampling of Pelophylax 

291 water frogs across Catalonia, a region that could have served as a potential natural dispersal route 

292 for Pelophylax species and kleptons from France into the Iberian Peninsula (Arano et al., 1995; 

293 Arano and Llorente, 1995). We have provided reliable identification for all 423 specimens through 

294 the implementation of a two-step, cost-effective molecular protocol and showed that, despite 

295 previous reports on the presence of P. ridibundus and the hybrid P. kl. esculentus in the Iberian 

296 Peninsula (Arano et al., 1995; Holsbeek and Jooris, 2010), the only species found in this work 

297 were the autochthonous species P. perezi and the hybrid P. kl. grafi of the P-G hybridogenetic 

298 system (Fig. 1a). 

299 The usage of a molecular protocol has been vital for the proper identification of P. perezi 

300 and P. kl. grafi, as the morphological identification of both species has proven unreliable in adults 

301 (incorrect identification was as high as 26% in males and 38% in females), and nearly impossible 

302 in juveniles (26% of misidentifications and 46% of undetermined specimens; Table 2). Most 

303 identification errors stem from P. kl. grafi being incorrectly identified as P. perezi, making the 

304 primary diagnostic character used to differentiate between P. perezi and P. kl. grafi (the distance 

305 between the vomerine ridges) useful only in clear cases�either when the vomerine ridges are 

306 distinctly separated or when they are clearly in contact. This situation contrasts with the L-E system 

307 of P. kl. esculentus in which, based on morphological characters and particularly the size and shape 

308 of the metatarsal tubercle, Plötner (2010) was able to assign in the field 90% of adult individuals 

309 correctly to either parental (P. lessonae or P. ridibundus) and the hybrid (P. kl. esculentus). 

310 Additionally, the usage of this molecular method has allowed for the identification of tadpoles 

311 (n=69), for which there are no morphological diagnostic characters available. 

PeerJ reviewing PDF | (2024:12:111593:0:3:NEW 31 Jan 2025)

Manuscript to be reviewed

https://www.zotero.org/google-docs/?SlPY7X
https://www.zotero.org/google-docs/?SlPY7X
https://www.zotero.org/google-docs/?j7DlS3
https://www.zotero.org/google-docs/?heGsyd


312 Arano and Llorente (1995) reported the presence of P. kl. grafi in six localities widely 

313 distributed across Catalonia. Here, we detected an increase in the abundance of P. kl. grafi in those 

314 localities (Table 1) and extended the distribution of this klepton to almost the entire area of study 

315 (reported in 37 localities; Table 1), with the only exception of the southeastern Catalonian coast, 

316 where no P. kl. grafi were recorded despite a significant sampling effort (Fig. 3 and Table 1). The 

317 absence of kleptons in these populations was previously proposed to be explained by a relatively 

318 recent entrance of the complex from Southern France into the Iberian Peninsula (Arano and 

319 Llorente, 1995). However, the relatively wide distribution of P. kl. grafi already reported 23 years 

320 ago (Arano and Llorente, 1995), the high dispersal capability of these frogs (as evidenced by the 

321 widely distributed mitochondrial haplotypes; Fig. 5), and the high abundance of P. kl. grafi in 

322 population P19 further south (accounting for 90% of all sampled specimens; Fig. 3 and Table 1) 

323 suggest that other factors may play a role in the absence of P. kl. grafi from this large area of 

324 Catalonia. One such factor could be the lack of waterborne corridors (such as rivers or streams) 

325 reaching that region, which may impose a geographic barrier impeding the dispersal of the klepton. 

326 4.2. Origin and maintenance of the P. kl. grafi

327 The origin and age of arrival of Pelophylax kl. grafi into the Iberian Peninsula is still unknown. 

328 Arano and Llorente (1995) considered two entry paths for the P-G system in the Iberian Peninsula, 

329 one across the central Pyrenees following the Segre-Ebro river system and another one across the 

330 eastern Pyrenees, following the Llobregat River. In the present study, we have also found 

331 populations with P. kl. grafi (P46, P48-P50; Fig. 3) in northwestern Catalonia, suggesting that 

332 colonization through the river basins directly connecting with France through the Vall d�Aran 

333 could have also been possible. Further studies evaluating the nuclear P. ridibundus genome in P. 

334 kl. grafi are needed to better understand how and when this genome entered the Iberian Peninsula.

335 The lack of P. ridibundus in Catalonia may give some clues on how many times this 

336 particular hybridogenetic system has appeared. In the L-E system, mattings between two P. kl. 

337 esculentus almost invariably leads to P. ridibundus tadpoles with developmental difficulties, 

338 resulting in death before reaching sexual maturity (Berger, 1967; Graf and Polls-Pelaz, 1989; 

339 Vorburger, 2001a, 2001b, 2001c) (Fig. 1b). This is the consequence of the accumulation of 

340 recessive deleterious mutations due to the Muller�s ratchet (Muller, 1964) in the hemiclonaly 

341 inherited P. ridibundus genome (Holsbeek and Jooris, 2010; Lehtonen et al., 2013). However, as 

342 demonstrated by Vorburger (2001b), experimental crossings between P. kl. esculentus pairs with 
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343 different hemiclonal P. ridibundus genomes produce viable P. ridibundus offspring with no signs 

344 of reduced fitness. Moreover, it has also been reported rare cases (3%) of all-female offspring 

345 viability between crossings of P. kl. esculentus bearing the same clonal genome (Vorburger, 

346 2001b). In such cases, recombination of the clonal genomes they inherited from the two parental 

347 hybrids seems to occur and, after mating with syntopic P. lessonae, produce new hemiclones with 

348 novel combinations of alleles, thus providing an escape from the evolutionary dead-end they were 

349 trapped in. The lack of P. ridibundus in the present study suggests that hybrids in the P-G system 

350 are not able to produce viable offspring, pointing towards a single origin for the hemiclonal P. 

351 ridibundus genome transmitted by P. kl. grafi. Multiple origins of the P-G hybridogenetic system 

352 would involve more diversity and a higher probability for successful offspring resulting from a 

353 crossing between two hybrids. 

354 In populations where hybrids and P. perezi coexist, P. kl. grafi tends to be more abundant 

355 than P. perezi (Fig. 3). This result aligns with the reproductive strategy of hybridogenetic 

356 complexes, where offspring between hybrids and pure specimens will always result in more 

357 hybrids. Additionally, hybrid females are larger than P. perezi females, providing a further 

358 reproductive advantage over P. perezi. However, this increased reproductive success of P. kl. grafi 

359 poses an evolutionary conundrum that should, theoretically, lead to the collapse of water frogs of 

360 the P-G system. If the reproductive advantage of the klepton over the parental species were to drive 

361 P. perezi to extinction, it would also result in the demise of the klepton due to the non-viability of 

362 hybrid-hybrid crossings. Nevertheless, the persistence of hybrid populations over at least 30 years 

363 (Arano et al., 1995) suggests that some form of equilibrium might exist within the system. This 

364 ecological stability could be achieved through sexual preferences in mating, similar to those 

365 observed in the L-E system (Bove et al., 2014; Skierska et al., 2023). Empirical and theoretical 

366 studies have shown that the stability of L-E populations can be maintained by specific female mate 

367 choice, with P. lessonae females preferentially mating with P. lessonae males over P. kl. 

368 esculentus (Bove et al., 2014; Skierska et al., 2023). Moreover, female mate choice can facilitate 

369 the diffusion of deleterious mutations within the system (Bove et al., 2014). A similar mechanism 

370 could be occurring in the Catalonian populations, explaining the stability of the P-G system over 

371 the last three decades. However, further experimental studies and long-term monitoring of water 

372 frog populations are necessary to determine whether this ecological stability exists or if P. perezi 
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373 is gradually declining. Future monitoring should especially focus on localities where only P. kl. 

374 grafi has been reported to assess the viability of these populations. 

375 Since the origin of the klepton remains unknown, it is not possible to consider the P. kl. 

376 grafi as either a native taxon or the result of anthropogenic intervention. However, the stability of 

377 the P-G system could be significantly threatened by the recent introduction of other Pelophylax 

378 species to the system. It has been shown that the introduction of pure P. ridibundus specimens can 

379 break the stability of the L-E system leading to the collapse of the entire population (Bove et al., 

380 2014). Several stable populations of introduced P. ridibundus, P. kurtmuelleri, P. lessonae, and P. 

381 kl. esculentus as well as the recently identified klepton PK (i.e., P. perezi x P. kurtmuelleri) have 

382 already been reported in southern France, very close to the Spanish border (Fig. 1; Dufresnes 2017, 

383 2024; Demay et al., 2023). While the Pyrenees seem to be acting as a geographic barrier to the 

384 dispersal of these species into the Iberian Peninsula (i.e., no evidence of any of those species has 

385 been reported in this study), it is only a matter of time until some of these species reach the Iberian 

386 Peninsula, probably leading to the destabilization of the P-G system. 

387 4.3. Origin and genetic variability of the mtDNA of P. kl. grafi in Catalonia

388 According to the reconstructed phylogenies (Fig. 4), all 194 sequenced P. kl. grafi specimens 

389 present P. perezi mtDNA. This could indicate that the first hemiclone occurred between a female 

390 P. perezi and a male P. ridibundus and therefore the P. kl. grafi never had mtDNA of P. ridibundus 

391 or P. lessonae (i.e., a possibility if the origin was from the P. kl. esculentus, which has been shown 

392 to have mainly P. lessonae mtDNA; Plötner et al., 2008). However, studies conducted on the L-E 

393 system of P. kl. esculentus suggest that, due to size-related behavioral factors, natural primary 

394 hybridizations between P. ridibundus and P. lessonae are more likely to occur between large P. 

395 ridibundus females and small P. lessonae males, rather than the reciprocal pairing (Berger, 1970; 

396 Borkin and Tikhenki, 1979). Another possibility is that mattings occur between P. perezi females 

397 and P. kl. grafi males. Such matings produce P. kl. grafi lineages carrying P. perezi mtDNA. In 

398 the absence of the parental species P. ridibundus or P. kl. esculentus (which may have P. 

399 ridibundus or P. lessonae mtDNA), the transfer of P. perezi mtDNA into the hybridogenetic 

400 lineage becomes irreversible. As previously suggested in the L-E system (Plötner et al., 2008), the 

401 mtDNA of the local P. perezi populations may offer a selective advantage over P. ridibundus 

402 mtDNA in withstanding the often hypoxic and polluted environments where P. perezi and P. kl. 

403 grafi populations are commonly found. Similar to P. ridibundus tadpoles introgressed with P. 
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404 lessonae mtDNA, it is plausible that P. kl. grafi individuals carrying P. perezi mtDNA are better 

405 adapted to survive under hypoxic conditions. Overall, the P-G system might be interpreted as an 

406 evolutionary strategy enabling the Eurosiberian species P. ridibundus to extend its genetic 

407 influence beyond its original distribution range and their physiological limits.

408 Judging by the high levels of mtDNA genetic variability found in P. kl. grafi (22 different 

409 haplotypes; Fig. 5), crossings between male P. kl. grafi and female P. perezi must be a frequent 

410 phenomenon, facilitating the continuous incorporation of new P. perezi mitochondrial genomes 

411 into the hybrids. The large distribution range of certain haplotypes, such as H1 and H22, suggests 

412 a high dispersal capability, with gene flow being possible even between very distant localities (Fig. 

413 5). This could be favored by the fact that Pelophylax is a genus of highly aquatic frogs capable of 

414 establishing populations in a variety of habitats and tolerating a wide range of environmental 

415 conditions, including salinity, contamination, human activities, and eutrophication. The only 

416 significant limiting factor for their presence is the permanent absence of water (Arano and 

417 Llorente, 1995; Barbadillo et al., 1999). It is noteworthy that some populations have up to six 

418 different haplotypes, most likely acquired through in situ crossings within sympatric P. perezi. 

419 However, since we did not sequence any P. perezi mtDNA we cannot ensure that the geographic 

420 distribution of the genetic variability found in P. kl. grafi (Fig. 5) mirrors the phylogeography of 

421 P. perezi in Catalonia.

422

423 5. Conclusions

424 In this study, we have conducted a comprehensive sampling of water frogs of the P-G 

425 hybridogenetic system in Catalonia, one of the possible dispersal routes of this klepton into the 

426 Iberian Peninsula. Despite previous records of the presence of the invasive P. ridibundus and P. 

427 kl. esculentus in the Iberian Peninsula, these species were not detected in the present study. 

428 Additionally, we have proven that, although previous publications on the morphological 

429 differentiation between P. perezi and P. kl. grafi (Crochet et al., 1995, Pérez-Sorribes et al., 2018), 

430 morphological identification of these species is highly unreliable. 

431 Given the large sampling size (423 specimens collected across 54 localities) and the high 

432 proportion of P. kl. grafi observed, the absence of pure P. ridibundus in these systems suggests 

433 that crosses between P. kl. grafi individuals do not produce viable offspring (Berger, 1967; Graf 

434 and Polls-Pelaz, 1989; Vorburger, 2001a), and that polyploid all-hybrid populations, similar to the 
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435 Eastern European E-system of P. kl. esculentus (Fig. 1e), do not exist. These results indicate a 

436 single colonization event of the Eastern Iberian Peninsula by this klepton. Since P. perezi is 

437 essential for the reproduction of P. kl. grafi and their offspring are always hybrid, a decline in P. 

438 perezi populations is expected. However, since P. perezi cannot completely disappear, as this 

439 would trigger the extinction of P. kl. grafi as well (Lehtonen et al., 2013), some sort of ecological 

440 stability should be occurring, possibly driven by female mate choice. Interestingly, all analyzed P. 

441 kl. grafi individuals carried P. perezi mitochondrial genomes, and subsequent mitochondrial 

442 analyses supported that crossings between P. perezi females and P. kl. grafi males are frequent, 

443 resulting in 22 mitochondrial haplotypes. Finally, further research such as conducting experimental 

444 crossings to determine the viability of P. perezi and P. kl grafi offspring, evaluating mate choice 

445 and the viability of hybrid crossings, or studying the clonal P. ridibundus genome, among others, 

446 will be vital to better understand the P-G hybridogenetic system, as most conclusions of this study 

447 have been derived through comparison to the better-studied L-E system, 

448
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629 Supplementary material
630

631 Table S1. List of all specimens used in this study, including their locality, sex, life stage, 

632 morphological and genetic identification, as well as their accession number for the mitochondrial 

633 cytochrome b marker. In the column Haplotypes, sequences in bold represent representative 

634 sequences of the haplotype used in the mitochondrial phylogenetic reconstruction (see Fig. 5). 

635

636 Figure S1 Results of the first step of the two-step molecular identification protocol for European 

637 water frogs. Agarose gels display the product of RAG1 molecular marker digestion using the 

638 EcoO109I restriction enzyme.

639

640 Figure S2. Results of the second step of the two-step molecular identification protocol for 

641 European water frogs. Agarose gels display the SAI-1 PCR product amplified for all the samples 

642 collected in this study.

643
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Figure 1
Overview of the four hybridogenetic complexes of water frogs in Europe (a, b, f, g) and
the intra-complex diversity according to geographical variation inducing genome
exclusion (c, d, e).

Each species is represented by a single color, whereas kleptons contain two colors
representing their parental species. Crossed genomes are eliminated before meiosis and do
not transfer into the following generation (Figure modiûed from Holsbeek and Jooris, 2009).

PeerJ reviewing PDF | (2024:12:111593:0:3:NEW 31 Jan 2025)

Manuscript to be reviewed



Figure 2
Map of the study area including the 54 sampling localities.

Sampling was conducted along the main Catalonian river basins, from the headwaters to the
mouth of the rivers. Red dots represent populations in which water frog samples were
collected. A code is assigned to each population. Inset map shows the distribution ranges of
Pelophylax perezi (green), P. kl. graû (dashed blue), P. ridibundus (red), introduced range of
P. ridibundus (dashed red), and a locality with an introduction of P. bergeri (yellow).
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Figure 3
Distribution map of P. perezi (green) and P. kl. graû (blue) in Catalonia along the main
river basins.

Pie diagrams represent the species9 proportions in each population. Population codes
correspond to those from Fig. 2.
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Figure 4
Pelophylax kl. graû phylogenetic trees.

Cytochrome b Maximum-Likelihood (left) and Bayesian Inference (right) phylogenetic trees of
some selected Pelophylax species including all unique haplotypes found in P. kl. graû

specimens, allowing the identiûcation of the mitochondrial genome origin of 194 P. kl. graû.
Sequences in bold are from this study. List of specimens is detailed in Table S2.
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Figure 5
Pelophylax kl.graûmitochondrial haplotypes.

(a) Map of the 22 haplotypes found inP. kl.graûdistributed across Catalonia. Pie diagrams
represent haplotype proportions amongP. kl.graûindividuals at each locality. Locality codes
correspond to those from Fig. 2. (b) Mitochondrial network showing haplotype diversity
corresponding toP. perezimitochondrial genomes found in 194 hybrid specimens sequenced
for thecytochrome b. Colors represent mitochondrial lineages. List of specimens in each
locality and haplotype is detailed in Table S1.
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Table 1(on next page)

Summary of the total specimens collected in each of the 54 populations.

For each population, we specify the number of P. perezi and P. kl. graû specimens, the
number of P. kl. graû sequenced in this study, the haplotypes present in each population, and
the number of individuals containing each haplotype.
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P. kl. grafiPopulation 

code

Total 

Specimens

P. perezi

Total Sequenced

Haplotype (n)

P1 10 2 8 8 H18 (4); H22 (4)

P2 1 1 - - -

P3 1 1 - - -

P4 3 3 - - -

P5 10 1 9 8 H1 (5); H2 (1); H20 (1); H22 (1)

P6 2 - 2 2 H1 (1); H16 (1)

P7 1 - 1 1 H1 (1)

P8 1 - 1 1 H1 (1)

P9 1 - 1 1 H1 (1)

P10 1 - 1 1 H1 (1)

P11 5 4 1 1 H12 (1)

P12 9 9 - - -

P13 2 1 1 1 H22 (1)

P14 3 3 - - -

P15 6 6 - - -

P16 8 8 - - -

P17 5 5 - - -

P18 5 4 1 1 H19 (1)

P19 29 3 26 12 H1 (11); H18 (1)

P20 22 22 - - -

P21 8 8 - - -

P22 9 9 - - -

P23 2 2 - - -

P24 9 2 7 7 H3 (7)

P25 8 - 8 8 H1 (1); H22 (7)

P26 23 1 22 11 H1 (11)

P27 13 6 7 7 H1 (5); H22 (2)

P28 2 1 1 1 H22 (1)

P29 2 1 1 1 H22 (1)

P30 2 1 1 1 H1 (1)

P31 12 2 10 8 H1 (3); H4 (1); H8 (1); H11 (1); H22 

(2)

P32 15 3 12 9 H11 (2); H13 (4); H22 (3)

P33 14 1 13 9 H1 (5); H15 (2); H22 (2)

P34 6 6 - - -

P35 6 2 4 4 H1 (4)

P36 25 15 10 10 H1 (5); H5 (1); H8 (1); H9 (1); H17 

(1); H21 (1)

P37 6 1 5 5 H1 (1); H7 (2); H8 (2)

P38 5 1 4 4 H1 (3); H22 (1)

P39 16 - 16 16 H1 (16)

P40 1 - 1 1 H22 (1)

P41 1 - 1 1 H22 (1)

P42 2 - 2 2 H1 (1); H22 (1)

P43 2 - 2 2 H10 (2)

P44 5 2 3 3 H1 (2); H6 (1)

P45 8 8 - - -

P46 16 - 16 8 H22 (8)

P47 11 11 - - -

P48 11 6 5 4 H22 (4)

P49 3 - 3 3 H22 (3)

P50 3 2 1 1 H22 (1)

P51 7 7 - - -

P52 2 2 - - -

P53 38 3 35 26 H1 (9); H16 (17)

P54 5 - 5 5 H1 (3); H14 (2)
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Table 2(on next page)

Morphological and genetic identiûcation of the 423 individuals collected in this study.

Specimens are divided in four groups according to life stage: adults (males and females),
juveniles, and tadpoles. In brackets, detected morphological identiûcation errors and
undetermined specimens using the two-step molecular protocol. Superscript <g= and <p=
refer to P. kl. graû and P. perezi, respectively.
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Morphology GeneticsLife stage N

P. 

perezi

P. kl. 

grafi
Undetermined

P. 

perezi

P. kl. 

grafi
Undetermined

Males 125 70 (28g) 50 (3p) 5 (5p) 50 75 0

Females 65 42 (23g) 21 (1p) 2 (2p) 22 43 0

Juveniles 164 80 (42g) 8 76 (24 p; 52g) 62 102 0

Tadpoles 69 0 0 69 (42 p; 27 g) 42 27 0

1
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