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Abstract

The use of hyper-variable markers across species is often hin-
dered by low cross-species amplification success, a reduced
level of polymorphism or a high frequency of null alleles. How-
ever, optimizing sets of reliable and informative markers that
can be consistently amplified and scored across taxa is key to
address questions about patterns of genetic diversity and struc-
ture, hybridization and speciation. Here we present 14 newly
developed microsatellite markers in the Spined toad (Bufo spi-
nosus), assess their polymorphism in two Iberian populations
and test for cross-species amplification in the closely related
Common toad (Bufo bufo). We then use the 12 loci co-amplify-
ing in both species to the study of a morphologically intermedi-
ate population (Moyaux) from the contact zone in northwest
France as well as reference populations of the two species from
both sides of the contact zone. Individuals from Moyaux had
mtDNA haplotypes of the two species and were identified as
hybrids in analyses with software NewHybrids. These results
provide solid evidence for ongoing hybridization between B.
bufo and B. spinosus, with no apparent restrictions to gene flow.
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Introduction

A widespread application of molecular markers across
species is often hindered by a low cross-species ampli-

fication success, a high frequency of null alleles or a
reduced level of polymorphism (Primmer ez al., 2005).
This is particularly true for hyper-variable markers,
like microsatellites, where high mutation rates are both
advantageous (because their polymorphism allows very
fine-scale temporal and spatial resolution) and problem-
atic (because mutations in flanking regions reduce
cross-amplification success) (Primmer and Merild,
2002). Thus, optimizing sets of applicable, reliable and
informative markers, which are key to address ques-
tions about patterns of genetic diversity and structure,
hybridization and speciation, involves selecting highly
polymorphic markers that can nonetheless be consist-
ently amplified and scored in long diverged taxa.

Recent molecular studies have resolved the phylog-
eny of the Bufo bufo (Linnaeus, 1758) species group,
revealing the existence of four species and delimiting
their respective ranges (Litvinchuk ez al., 2008; Garcia
Porta et al., 2012; Recuero et al., 2012; Arntzen et al.,
2013a). As a result of these studies, B. spinosus Dau-
din, 1803 is defined as an Ibero-Maghrebian ende-
mism, with populations in North Africa from Morocco
to Tunisia, the Iberian Peninsula, the southern fringe
of the British Isles (i.e., Jersey) and north of the Pyre-
nees across most of France, where it contacts B. bufo
along a NW-SE line, roughly from Caen to Lyon
(Arntzen et al.,2013b, 2014). Bufo bufo is also present
in the Apennine and Balkan peninsulas and extends as
far east as northern Kazakhstan and eastern Siberia
(Agasyan et al., 2009).

Previous studies have used morphological charac-
ters, mtDNA and slowly evolving nuclear DNA markers
to broadly delineate the contact zone between B. bufo



and B. spinosus in France (Arntzen et al., 2013a, b,
2014). The results show an overall correspondence be-
tween morphology and molecules and congruence
across molecular markers, with occasional discord-
ance interpreted as resulting from incomplete lineage
sorting, although hybridization-mediated gene flow
cannot be ruled out.

Addressing questions about reproductive isolation
versus hybridization and introgression in the two spe-
cies requires characterization of molecular markers
that amplify in both B. bufo and B. spinosus and the
quantification of gene flow in areas of secondary con-
tact. Bufo bufo has been the subject of a number of
conservation genetics studies, especially in the UK
and a number of polymorphic microsatellite loci are
available (Scribner et al., 1994, 1997, 2001; Hitchings
and Beebee, 1998; Brede and Beebee, 2004, 2006;
Wilkinson et al.,2007). On the contrary, there are very
few studies on B. spinosus and one of the reasons is
low cross-amplification success of markers originally
isolated from B. bufo (Brede et al., 2001; Martinez-
Solano and Gonzalez, 2008; Arntzen et al., 2014).

Here we describe a morphologically intermediate
Bufo population from France with the help of a set of
new polymorphic microsatellite markers isolated from
a B. spinosus genomic library. We describe the varia-
bility of the newly developed markers in five popula-
tions of B. spinosus (two Iberian and three from west-
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& Fig. 1. Sampling localities of Bufo bufo
S (blue) and B. spinosus (red) in France: 1)
. Saumur (n=12); 2) Perré (n=_8); 3) Durtal
B (n=8); 4) Moyaux (n=22); 5) Audresselles
e (n=14); 6) Erloy (n=20). The population at

Moyaux (open circle) is identified as a B.
3 bufo x B. spinosus hybrid population (see
results). Black dots represent populations
= studied in Arntzen et al. (2013b), whereas
the dashed line represents the contact

zone as approximated in that study.

ern France), evaluate the cross-amplification success
in two French populations of B. bufo and describe hy-
bridization between the two species in a morphologi-
cally intermediate population in their contact zone.

Material and methods

A genomic library was generated from DNA of an adult
female B. spinosus collected near Marbella, Mdlaga
province, Spain, at the Sequencing Genotyping Facility,
Cornell Life Sciences Core Laboratory Center, follow-
ing the protocol described in Gutiérrez-Rodriguez et al.
(2014) with minor modifications. Sequences containing
microsatellites were scanned with Msatcommander
(Faircloth, 2008) and sixty pairs of specific primers
flanking regions that contained microsatellites were de-
signed using the software Primerselect (DNASTAR,
Inc.). Primers with an optimal melting temperature of
60°C were selected to facilitate multiplexing.

PCR reactions were performed using 5 x GoTlaq
Flexi buffer PROMEGA®; 3 mM MgCl,; 0.3 mM
dNTP; 0.3 uM of each primer; 0.5 U GoTaq Flexi
DNA polymerase PROMEGA® and 1 pl of DNA, in a
total volume of 15 pl. These initial tests included eight
B. spinosus individuals from across the Iberian Penin-
sula and North Africa. PCR reactions consisted of ini-
tial denaturalization (95°C; 5 minutes), 40 cycles of
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Table 1. Characterization of 14 new microsatellite loci in Bufo spinosus and polymorphism in two populations from Spain including
locus designation, repeat motif, primer sequences, multiplex reaction, fluorescent dye, number of alleles (N,) and observed (H,)) and
expected (Hy) heterozygosity in the populations San Martin de la Vega/El Pardo (sample sizes: 94 and 32, respectively). An asterisk

indicates a significant deviation from Hardy-Weinberg equilibrium associated with heterozygote deficit.

Locus Repeat  Forward (top) and reverse (bottom) primers Multi- Fluores- N, H, Hg
motif plex cent dye

Bspi3.11 CTT 5'TTT CCT GCC TTC TTG TAACGTTG 3' Ml 6-FAM 6  0.4468/0.1250  0.4196/0.1190
5'CTC ACT GTC AGC AAT GTATGA CC 3'

Bspid24  GATA  5'AAATTT GGG AGC AAT CCT GTAGG 3' Ml VIC 12 0.7234/0.7188  0.6821/0.7302
5'GTC ACAACT GTC CTG TTACCT TG 3'

Bspi3.20 ACA 5'CCT CAG CAAATATAA GCC CATGG 3' M1 NED 5 0.2043/0.3750* 0.6838/0.6066*
5'TTG CAT CAG AAACAAACTTCC TG 3'

Bspi4.25  CTAT 5'ATT GTG TTG TGG ATG GAACTAGC 3" Ml PET 12 0.6044/0.1667* 0.7873/0.8723*
5'TAG AGA GAG CTG AAATGT TGC TG 3'

Bspi4.16 GATA  5'AGG GCTACATAT CCTCTTCAGTG3' M2 6-FAM 11  0.8085/0.8065  0.8277/0.7795
5'CTA AAC TGA GAA GAT GGC AAC CC 3

Bspi4.30 TCTA  5'CACAGC CCTTTACAATCTATCCG3' M2 VIC 11  0.8191/0.7813  0.8474/0.8319
5'ACA AAC AGG CAG ACA AAT ATC AG 3'

Bspi4.27 GATA  5'GAGACA CGTAAT CCAGACTTTCC3' M2 NED 11 0.7979/0.6875  0.7742/0.6399
5'TTA GGA CTT GTG TGA CAT CTG AG 3'

Bspi4.28  CTAT 5'GGC ATG GGT GAATAAAGAAGTCC3' M2 PET 11 0.8830/0.8065 0.8593/0.7932
5'"AAACTT AGC TCA CCT GGT CAG C 3

Bspi4d29 TAGA 5'CCCTTTCTATGT CACCTCTGTAC3 M3 VIC 15 0.9149/0.9677 0.8498/0.8863
5'ACA GTG CCATAT CTT CAG TGT TG 3'

Bspi3.02  GGT 5' GGA TTA GGG CAT AGACAACTGAC3' M3 NED 3 0.2796/0.5333  0.3139/0.5859
5'CCG TCA CAG AGA AAT CAAAGG G 3'

Bspi3.19  ACT 5'CCG CTACCATTACAACTACACAG3 M3 PET 5  0.3191/0.8438  0.5347/0.7450
5'TTG TCA GAA GAA AGA GTG ATC GC 3'

Bspi3.26  AGT 5'GAAAGT CCCATG TCTCGTTATGC 3' M4 6-FAM 8 0.7447/0.8750  0.7148/0.7927
5'GTT GCC TCT TCT TCA CTC AGA TG 3'

Bspi4.14  GATA  5'ATG AGT CTG CTA GGAATT GTCTC 3" M4 VIC 12 0.8298/0.8710  0.8393/0.8096
5'CTG TAG CAATCATCT TCT CCT GC 3'

Bspi4.07 GATA  5'ACCCACCTC ACG TTAATTATTGC3' M4 NED 9 0.8617/0.7097 0.8036/0.6716

5" ATC TTC AAT TCC ATA GCT GCA CC 3'

denaturalization (95°C; 45 seconds), annealing (60°C;
45 seconds) and extension (72°C; 45 seconds) and final
extension (72°C; 10 minutes). PCR products were visu-
alized in 2% agarose gels to verify amplification and
check the negative controls for potential contamina-
tion.

Fourteen loci that consistently amplified in all indi-
viduals and were polymorphic as seen on gel images
were selected for further screening. These loci were
amplified in four multiplex reactions designed with
Multiplex Manager 1.0 (Holleley and Geerts, 2009).
Forward primers were labeled with fluorescent dyes
6-FAM, VIC, NED and PET. Multiplex reactions were
performed with Type-it Microsatellite PCR® (Qiagen)
kits in a total volume of 15 ul that includes 7.5 pl of
Master Mix, 1.2 ul of Primer Mix with 0.3 pM of each
primer and 5.3 pl of RNase-free H,O. Multiplex reac-
tions consisted of initial denaturalization (95°C; 5

minutes), 30 cycles of denaturalization (95°C; 30 sec-
onds), annealing (during 90 seconds at different tem-
peratures in each multiplex reaction: multiplex reac-
tions 1, 2 and 4 had an annealing temperature of 60°C
and multiplex reaction 3 had a annealing temperature
of 58°C) and extension (72°C; 30 seconds), and final
extension (60°C; 30 minutes).

The above markers were tested in 126 B. spinosus
tadpoles collected in two different populations in cen-
tral Spain (Madrid province): 94 from San Martin de la
Vega (40.23° -3.59°) and 32 from El Pardo (40.56°
-3.95°). Additionally, we sampled individuals in six lo-
calities in northern France encompassing the north-
western end of the range to test cross-amplification in B.
bufo and evaluate the utility of the markers to study hy-
bridization with B. spinosus. Our sampling includes
three populations in the “spinosus” side of the contact
zone: Etang du Perré (n=8, 47.53°, -0.02°), Durtal (n=8,
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47.67°,-0.27°) and le Poitrineau, Saumur (n=12, 47.28°,
-0.13°), two populations in the “bufo” side: Audresselles
(n=14, 50.82° 1.60°) and Autreppes (Erloy) (n=20,
49.92°,3.83°) and a morphologically intermediate pop-
ulation (Moyaux, near Lisieux, n=22, 49.20°, 0.33°).
Individuals from French populations were character-
ized with sequences of mtDNA and with diagnostic
morphological characters as described in Arntzen et
al. (2013b). DNA was extracted from approximately
0.25 g of tissue with Nucleospin® Tissue kits (Mach-
erey-Nagel). Genotyping was performed on an ABI
PRISM 3730 sequencer with the GeneScan 500 LIZ
size standard (Applied Biosystems) and peaks were
scored in GeneMapper 4.0 (Applied Biosystems).
Deviation from Hardy-Weinberg equilibrium and
evidence of linkage disequilibrium across loci were
tested for each population using Genepop 4.2 (Ray-
mond and Rousset, 1995; Rousset, 2008). Using this
software we also estimated the number of alleles (N,),
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Fig. 2. Top: individual assignment prob-
abilities (P,) in six French populations,
based on NewHybrids results. Middle:
individual scores of the first principal
component of the genetic dataset (verti-
cal axis), showing two groups consistent
with species identification and with the
population from Moyaux occupying an
intermediate position. Bottom: P, values
for the 84 individuals genotyped based
on Structure results for K=2. Red = B.
spinosus; blue = B. bufo; grey = hybrid

84 individuals. 1 = Saumur, 2 = Perré, 3 =
6 Durtal, 4 = Moyaux, 5 = Audresselles
and 6 = Erloy.

observed (Hy) and expected heterozygosity (Hy) for
each locus and population. Significance values for
multiple tests were calculated applying a sequential
Bonferroni correction (Rice, 1989). The presence of
null alleles was tested using Micro-Checker 2.2.3
(Van Oosterhout et al., 2004).

The software Genodive (Meirmans and Van Tien-
deren, 2004) was used to perform a Principal Compo-
nents Analysis (PCA) on the microsatellite genotype
data in order to summarize multi-allelic information
in a single vector. Individual scores of Principal Com-
ponent 1 were then plotted against latitude to help
visualize the power of discrimination of the newly
developed markers in species identification.

We conducted analyses of the French dataset with
the software Structure (Pritchard et al., 2000). Runs
consisted of a period of burn-in of 500,000 genera-
tions followed by 1,000,000 additional generations un-
der an admixture model with allele frequencies corre-
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Table 2. Data on polymorphism of twelve new microsatellite loci in French populations of Bufo spinosus (Perré, Durtal, Saumur) and
B. bufo (Audresselles, Erloy) as well as the morphologically intermediate population Moyaux. Details include locus designation, ob-
served size range, number of individuals (n), number of alleles (N,), observed (H,)) and expected (H,) heterozygosity.

Locality Perré Durtal Saumur

Locus  Sizerange n N, Hg H, Sizerange n N, Hg H, Sizerange n N, Hg H,
3.11 258-264 8 3 05417 05000 261-264 8 2 02333 02500 258-264 12 3 04746 0.5833
424 250-274 8 6 08500 1 246-278 8 6 0.8417 0.7500 250-270 12 4 0.7101 0.8333
425 188-204 8 4 006917 02500 160-204 6 S5 0.8030 03333 188-208 12 5 0.8080 0.7500
4.16 226-250 8 5 08167 1 226-250 8 5 0.8417 0.7500 230-250 12 3  0.4674 0.5833
430 92-104 8 2 0.1250 0.1250 92-104 8 3 02417 02500 92-104 12 2 0.2283 0.2500
427 244-272 8 6 08333 08750 236-268 8 4 0.6750 0.7500 244-292 12 6 0.8442 1

428 185-205 8 5 07750 03750 185-213 8 4 03500 0.3750 185-201 12 3 0.5652 0.7500
4.29 202-258 8 10 09333 1 202-254 8 8 0.8917 08750 206-254 12 6 0.7717 0.5833
3.02 291-297 8 3 05417 0.7500 291-297 8 3 05917 05000 294-297 12 2 0.5181 0.5833
3.19 385-391 7 2 05275 0 373-394 5 4 0.8000 O 385 31 0 0

3.26 359-368 7 3 0.6264 05714 359 8 1 0 0 359-362 12 2 0.1594 0.1667
4.14 300-328 7 6 08462 08571 300-324 7 7 09000 0.8750 300-320 12 5 0.7971 1
Locality Audresselles Erloy Moyaux

Locus  Sizerange n N, Hg Ho Sizerange n N, Hg Ho Sizerange n N, Hg H,
3.11 264 4 10 0 264 20 1 0 0 258-264 21 3 0.3240 0.3333
4.24 226-266 13 6 0.7569 0.5385 226-258 125 06341 0.1667 226-274 20 9 0.8746 0.6000
425 188-212 14 7 0.8122 0.7857 180-212 20 8 0.8564 0.8000 184-216 21 8 0.8049 0.8095
4.16 218 14 10 0 218 20 1 0 0 218-250 22 6 0.5962 0.5454
4.30 92 14 10 0 92 20 1 0 0 92-104 22 3 04493 0.5909
427 254-298 14 12 09206 09286 252-302 20 13 09128 0.8500 246-290 21 13 09187 0.9524
428 187-233 14 9 09021 09286 183-233 20 9 0.8641 0.8500 185-233 22 9 0.8161 0.9091
4.29 212-256 14 10 0.8836 0.7143 206-252 20 13 09026 0.9000 202-246 22 15 09260 1

3.02 291 14 10 0 291 20 1 0 0 291-297 22 3 05613 0.6818
3.19 373-391 14 4 07540 0.8571 373-391 20 4 03872 04000 373-388 22 2 0.5106 0.4091
3.26 359-368 14 2 0.1376 0.1429 359-368 20 2 0.0974 0.1000 359-368 22 2 0.1691 0.1818
4.14 304-336 14 7 0.8518 0.9286 308-352 20 11 0.8628 0.9500 296-348 22 12 0.8837 0.9091

lated, for K values of 1 to 7 and 6 replicates per value
of K. The optimal clustering scheme was selected
through application of Evanno’s criterion (Evanno et
al.,2005) as implemented in StructureHarvester (Earl
and vonHoldt, 2012). Results were processed with the
pipeline CLUMPAK (Kopelman et al., 2015, available
at: http://clumpak.tau.ac.il/index.html).

The French dataset was also analyzed with NewHy-
brids software (Anderson and Thompson, 2002) to es-
timate the posterior probability that genetically sam-
pled individuals fall into each of a set of six categories
(parental classes, F,, F, and the two backcrosses with
the parental species). The latter four categories were
subsequently combined into a hybrid score, which is
calculated as the sum of the probabilities of assign-
ment to each category.

In 22 adult toads from Moyaux (18 males and two

males and females from amplexed pairs) we studied a
set of morphological characters that help to distinguish
B. bufo from B. spinosus, namely Snout-Urostyle length
(SUI), anterior and posterior parotoid distance (Pda,
Pdp), length and width of the inner metatarsal tubercle
(MTI, Mtw) and Paratoid angle (Pa) and the derived
measurements Paratoid divergence (Pd=Pda/Pdp),
Metatarsus Tubercle size (MTsize = MTI1/SUI) and
shape (MTshape = MTw/MTI). For details on the
measurements, data analysis and reference populations
see Arntzen et al. (2013b).

Results

Fourteen loci consistently amplified and were poly-
morphic in the two populations of B. spinosus from
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Spain (San Martin de la Vega and El Pardo). The orig-
inal sequences were deposited in GenBank under ac-
cession numbers KX271337-KX271350.

The number of observed alleles per locus across the
14 loci optimized in B. spinosus ranged from 2 to 14
(mean N,=8.1) in San Martin de la Vega and from 2 to
12 (mean N,=6.4) in El Pardo. Observed and expected
heterozygosities ranged from 0.20 to 091 (mean
Hy=0.66) and 0.31 to 0.86 (mean H;=0.71) respective-
ly in San Martin de la Vega; and from 0.13 to 0.97
(mean Hy=0.66) and 0.12 to 0.89 (mean H;=0.70) in El
Pardo. Micro-Checker inferred the likely presence of
null alleles in loci Bspi3.19, Bspi3.20 and Bspi4.25, as-
sociated with deviations from Hardy Weinberg equi-
librium due to heterozygote deficits in both popula-
tions (Bspi3.20 and 4.25) and San Martin de la Vega

taken from Arntzen et al. (2013b).

(Bspi3.19); therefore, caution should be taken when
using these markers for population studies in B. spino-
sus. Four locus x locus combinations significantly de-
viated from linkage disequilibrium (after accounting
for the Bonferroni correction, P<0.001) in Iberian
populations (two in each population, with no consist-
ent pattern across populations).

Locus Bspi4.07 only amplified in B. spinosus and
locus Bspi3.20 did not consistently amplify in B. bufo.
Therefore, we calculated the number of alleles (N,,), ob-
served (H,) and expected (Hy) heterozygosity in the
remaining populations using twelve microsatellites:
Bspi3.11, Bspi4.24, Bspi4.25, Bspi4.16, Bspi4.30,
Bspi4.27, Bspi4.28, Bspi4.29, Bspi3.02, Bspi3.19,
Bspi3.26 and Bspi4.14. Results are shown in Table 2.

Loci Bspi4.16, 3.02, 3.11 and 4.30 were monomor-
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phic in the two B. bufo populations analyzed. Signifi-
cant deviations from Hardy-Weinberg equilibrium (H,:
heterozygote deficit) were detected for loci Bspi3.19 in
Durtal, Bspi4.28 in Perré and Bspi4.24 in Moyaux and
Erloy. Significant linkage disequilibrium were only ob-
served in Moyaux (four locus x locus combinations:
Bspi4.24 x Bspi4.27, Bspi4.24 x Bspi4.29, Bspi4.28 x
Bspi4.29 and Bspi4.28 x Bspi4.14).

All individuals analyzed from Perré (n=8), Durtal
(n=5) and Saumur (n=10) had the characteristic mtDNA
profile of B. spinosus, whereas all individuals from
Audresselles (n=22) and Erloy (n=28) had B. bufo
mtDNA. In Moyaux, six individuals had B. spinosus
mtDNA and 16 individuals had B. bufo mtDNA haplo-
types. We found two interspecific amplexed pairs in
our sample, a male B. spinosus mating with a female
B. bufo and a male B. bufo with a female B. spinosus.

The first principal component of the microsatellite
genotype data explained 25.8% of variation; when in-
dividual scores were plotted against geography, a pat-
tern emerged of three groups corresponding to 1) the
populations of Saumur, Durtal and Perré; 2) Moyaux
and 3) Audresselles and Erloy (Fig. 2).

Structure analyses grouped individuals in two clus-
ters (Fig. 2), with high assignment probabilities. A first
cluster, corresponding to B. spinosus, included the
populations Saumur (average probability of assign-
ment, P,: 0.99), Perré (P,: 0.97), Durtal (P,: 0.99),
whereas the second cluster (B. bufo) included the pop-
ulations Erloy (P,: 0.99) and Audresselles (P,: 0.99).
Individuals from Moyaux were generally admixed,
with a higher probability of assignment to the B. bufo
cluster (P,: 0.85, range 0.54-0.98, Fig. 2).

According to the results of NewHybrids analyses
(Fig. 2) most individuals in the populations of Saumur,
Perré and Durtal correspond to B. spinosus (popula-
tion average proportions of 1.00,0.63 and 0.88 respec-
tively), while the remainder of the individuals from
these populations (three individuals in Perré and one
individual in Durtal) was assigned to the F, class. In
the populations Audresselles and Erloy all individuals
were classified as B. bufo with high probability, where-
as in Moyaux, most individuals (64%) were classified
as backcrosses with B. bufo, 27% were classified as F,
individuals and the remaining 9% individuals were
classified as B. bufo (Fig. 2).

The morphometric characteristics of the population
Moyaux were intermediate between those of B. bufo
and B. spinosus, as shown by the analysis of the diag-
nostic characters paratoid angle / paratoid divergence
and metatarsus tubercle shape and size (Fig. 3).

Discussion

The new set of 14 polymorphic microsatellite markers
is a valuable tool for population studies on B. spinosus.
The species, formerly abundant throughout its Iberian
range, is now undergoing a slow but sustained decline
(Ortiz Santaliestra, 2014), and molecular tools can pro-
vide relevant information about patterns of genetic di-
versity and structure to guide conservation efforts.
Furthermore, the high cross-amplification rates and
observed levels of polymorphism in B. bufo make
these markers valuable for fine-scale studies of the
contact zone with B. spinosus as well as to comple-
ment previously developed markers in local or region-
al studies on B. bufo. Additional populations of the
latter species should be assayed with the new markers
to better characterize actual polymorphism, which
was certainly underestimated in this study (for in-
stance, markers Bspi3.02, 3.11 and 4.30 are monomor-
phic in the two French populations of B. bufo analyzed
here, but additional polymorphism was found in a re-
duced sample of eastern European samples, data not
shown).

Based on the new molecular data, the morphologi-
cally intermediate population of Moyaux is shown to
represent a hybrid population, where mtDNA haplo-
types of the two species can be found in syntopy. Co-
occurrence of mtDNA haplotypes of the two species in
a single site is rare, but had been previously reported
(Recuero et al.,2012; Arntzen et al., 2013a). However,
microsatellites also reveal a clearly admixed nuclear
DNA genetic pool at Moyaux, suggestive of interspe-
cific gene flow. This is thus the first solid evidence of
hybridization between the two species (see Arntzen et
al.,2013a for a discussion about alternative interpreta-
tions of allozyme data on the taxonomic status of B.
bufo and B. spinosus). While more detailed transects
need to be studied to better characterize the contact
zone in terms of its relative width or patterns of sym-
metry/asymmetry of gene flow across species, our pre-
liminary results show a consistent signal of hybridiza-
tion across independent sets of markers, including
species-diagnostic morphological characters, mtDNA
haplotypes and microsatellite loci. Thus, at least some
of the previously observed instances of nuclear DNA
haplotype sharing in slowly evolving nuclear markers
(POMC, RAGI) may also result from interspecific
gene flow rather than from incomplete lineage sorting
alone (Arntzen et al., 2013a, 2014).

The lack of F, hybrids and the high frequency of F,
and backcrossed individuals in the hybrid population



at Moyaux suggest no restrictions to gene flow (ran-
dom mating), which is in accordance with the observa-
tion of amplectant mates with mtDNA from the two
different species (in both directions). This contrasts
with the high incidence of deviations from linkage dis-
equilibrium in the hybrid population, which may be
indicative of assortative mating or selection rather
than result from random demographic effects, because
hybridization tends to break down species-specific
physical associations between markers in hybrid zones
and create new ones (Jiggins and Mallet, 2000). In any
case, the high frequency of admixed individuals and
relative scarcity of representatives of the parental taxa
indicates this would be a relatively old contact zone,
with many generations of hybrids gradually increasing
their frequency in the population and becoming the
dominant parental class, although more detailed, repli-
cated transects are required to learn more about the
potential role of selection in shaping the contact zone.

Whereas the distinction of B. spinosus as a separate
species from B. bufo has long been subject to confu-
sion, close inspection of the accumulating morpholog-
ical and molecular evidence for species differentiation
indicates that the two species have diagnostic morpho-
logical features and are highly distinct in their mito-
chondrial and nuclear DNA, except, as shown here, in
parts of the contact zone where some hybridization oc-
curs (including some of the reference B. spinosus pop-
ulations, which according to NewHybrids results may
also include some hybrid individuals, see Fig. 2). More
detailed analyses of different sections of this contact
zone are required to further delineate it and investigate
whether observed patterns are generalizable. Addi-
tionally, comparative data about demographic and life
history traits across species may be relevant to under-
stand the evolutionary processes maintaining species
boundaries in the face of gene flow. For instance, the
skeletochronological work of Hemelaar (1988) showed
remarkable differences in age at maturity and growth
rates in Bufo populations from different latitudes. Of
the five populations compared, one from southern
France represents B. spinosus as inferred from recent
molecular studies, whereas the other four would cor-
respond to B. bufo on geographic grounds. Several
characteristics of the French population stand out in
comparison with populations of B. bufo, for instance
much faster growth rates, larger maximum body size
and earlier age at maturity, suggesting genetically,
rather than environmentally induced differences
(Hemelaar, 1988). Also, B. spinosus appears to start
breeding a few weeks earlier than B. bufo and the
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breeding season is also more prolonged than in B.
bufo, which is usually considered an explosive breeder.
These differences, in concert with potential mecha-
nisms of species recognition, which do not seem to
play a role in preventing interspecific mating in
Moyaux but may be apparent elsewhere, can shape pat-
terns of interspecific gene flow in the contact zone, ul-
timately determining its evolutionary fate.
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