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Abstract
Anthropogenic environmental changes are affecting biodiversity and microevolution 
worldwide. Ectothermic vertebrates are especially vulnerable because environmental 
changes can disrupt their sexual development and cause sex reversal, a mismatch 
between genetic and phenotypic sex. This can potentially lead to sex-ratio distor-
tion and population decline. Despite these implications, there is scarce empirical 
knowledge on the incidence of sex reversal in nature. Populations in anthropogenic 
environments may be exposed to sex-reversing stimuli more frequently, which may 
lead to higher sex-reversal rate or, alternatively, these populations may adapt to resist 
sex reversal. We developed PCR-based genetic sex markers for the common toad 
(Bufo bufo) to assess the prevalence of sex reversal in wild populations living in natu-
ral, agricultural and urban habitats, and the susceptibility of the same populations to 
two ubiquitous oestrogenic pollutants in a common garden experiment. We found 
negligible sex-reversal frequency in free-living adults despite the presence of various 
endocrine-disrupting pollutants in their breeding ponds. Individuals from different 
habitat types showed similar susceptibility to sex reversal in the laboratory: all genetic 
males developed female phenotype when exposed to 1 µg L−1 17α-ethinylestradiol 
(EE2) during larval development, whereas no sex reversal occurred in response to 
1 ng L−1 EE2 and a glyphosate-based herbicide with 3 µg L−1 or 3 mg L−1 glyphosate. 
The latter results do not support that populations in anthropogenic habitats would 
have either increased propensity for or higher tolerance to chemically induced sex 
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1  |  INTRODUC TION

Anthropogenic environmental change confronts wildlife with chal-
lenges that call for rapid phenotypic or genetic adaptations. For ex-
ample, both urban and agricultural land use loads the environment 
with various chemical pollutants including pesticides, heavy metals, 
road de-icers, pharmaceuticals and industrial products, while climate 
change increases the frequency and intensity of heat waves and 
other extreme weather events. Understanding how these human-
induced environmental changes affect the ecosystem, and whether 
and how wildlife can adapt to overcome these challenges, is an im-
portant mission of current evolutionary ecology and conservation 
biology (Tilman et al., 2017).

In ectothermic animals, various environmental stimuli can cause 
a developmental effect rarely seen in endotherms: sex reversal, 
whereby individuals exposed to such stimuli during their embryonic 
or larval life phase develop the sexual phenotype opposite to their 
genetic sex (Baroiller & D’Cotta, 2016; Flament, 2016; Whiteley 
et al., 2021). Sex reversal occurs in fish, amphibians and reptiles in 
nature (Alho et al., 2010; Baroiller & D’Cotta, 2016; Lambert et al., 
2019; Nemesházi et al., 2020; Whiteley et al., 2021; Xu et al., 2021), 
and theoretical studies caution that it may have far-reaching con-
sequences including skewed sex ratios, sex-chromosome evolution 
and even population extinction (Bókony et al., 2017; Grossen et al., 
2011; Nemesházi et al., 2021; Perrin, 2009; Schwanz et al., 2020; 
Wedekind, 2017). Laboratory experiments show that sex reversal 
can be induced by anthropogenic stressors such as chemical pollu-
tion and elevated temperature (Flament, 2016; Lambert et al., 2018; 
Mikó et al., 2021; Tamschick et al., 2016), and thus we may expect 
that the contemporary and future increase in the levels of anthropo-
genic stressors will influence the rates of sex reversal in free-living 
populations of ectothermic vertebrates. Whether this influence 
would be an increased or decreased sex-reversal frequency in an-
thropogenic environments is not a trivial question, for the following 
reasons.

On the one hand, sex reversal may happen more often in areas 
where the chemical and thermal stimuli triggering it are more per-
vasive, such as in agricultural areas polluted by pesticides and 
in urban heat islands. This may be simply a consequence of sex-
reversing stimuli being more frequent in such habitats. Alternatively 
or additionally, sex reversal might also be an adaptive response to 
anthropogenic environments, given that adjusting phenotypic sex 
to environmental conditions can be adaptive (Geffroy & Douhrad, 

2019), and sex reversal might be an evolved mechanism for achiev-
ing the sexual phenotype that best matches the environment, sim-
ilarly to environmental sex determination (Schwanz & Georges, 
2021). These mechanisms may facilitate the spread of sex reversal 
in populations persisting in anthropogenic environments, especially 
because the propensity to develop into one sex or the other may 
exhibit genetic or epigenetic inheritance (McGaugh & Janzen, 2011; 
Piferrer & Anastasiadi, 2021).

On the other hand, sex reversal may be costly in terms of fitness. 
For example, reproductive performance of fish is reduced by sex re-
versal (Pandian & Sheela, 1995; Senior et al., 2012), as well as by 
intersex, a form of imperfect sex reversal when the gonads contain 
both male and female tissues (Fuzzen et al., 2015; Harris et al., 2011). 
Due to their sex-chromosome genotype, sex-reversed individuals 
may be unable to produce daughters or sons (Wedekind, 2017), and 
therefore may be selected against by sex-ratio selection (Schwanz 
& Georges, 2021; see also figure S11a,d in Nemesházi, Kövér, et al., 
2021). Also, sex-reversed individuals may perform poorly in traits 
that influence survival (Mikó et al., 2021; Nemesházi et al., 2020) 
or sexually selected traits (Nemesházi, Kövér, et al., 2021). In such 
situations, we can expect resistance to sex reversal to be adaptive 
in environments where sex-reversing stressors are pervasive. As a 
result of such adaptation, populations exposed to sex-reversing en-
vironments might maintain the same or similar frequency of sex re-
versal as unexposed populations.

Assessing sex-reversal frequencies in wild populations has been 
hindered by the difficulty of diagnosing sex reversal in nonmodel 
organisms. Due to the high evolutionary lability and homomorphy of 
sex chromosomes in ectothermic vertebrates, genetic sexing meth-
ods are available only for a small fraction of species (e.g., Alho et al., 
2010; Baroiller & D’Cotta, 2016; Lambert et al., 2019; Nemesházi 
et al., 2020; Tamschick et al., 2016; Whiteley et al., 2021; Xu et al., 
2021). In two such species, recently developed genetic sex markers 
have been used to investigate whether sex reversal is more prevalent 
in anthropogenic habitats, and they reported contradictory answers: 
yes in one frog species (Nemesházi et al., 2020) but no in another 
(Lambert et al., 2019). Furthermore, no study, to our knowledge, has 
yet tested whether animal populations living in anthropogenic habi-
tats have increased or reduced inherent propensity for sex reversal.

In this study, we first aimed to produce a reliable molecular 
marker set for diagnosing genetic sex in the common toad (Bufo 
bufo), an anuran amphibian widespread in Eurasia that occupies a 
wide range of habitats from pristine woodlands to anthropogenic 

reversal. Thus, the extremely low sex-reversal frequency in wild toads compared to 
other ectothermic vertebrates studied before might indicate idiosyncratic, potentially 
species-specific resistance to sex reversal.

K E Y W O R D S
amphibians, feminization, human-induced environmental change, molecular sex markers, sex 
change, sex-chromosome identification
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areas (Agasyan et al., 2009). This species has a female-heterogametic 
(ZZ/ZW) sex-chromosome system (Dufresnes et al., 2020), and is li-
able to chemically induced sex reversal (Hayes, 1998). Then, using 
our novel marker set, we investigated whether the frequency of sex 
reversal in toads differed between natural, agricultural and urban 
habitats. Finally, we performed a common garden experiment to test 
whether toads originating from these three types of habitat differ in 
their susceptibility to sex reversal induced by chemical pollutants.

We focused on the sex-reversing effects of two endocrine-
disrupting chemical (EDC) compounds with high prevalence in sur-
face water in agricultural and urban areas, respectively: glyphosate, 
the most used herbicide worldwide (Brovini et al., 2021), and 17α-
ethinylestradiol (EE2), a common ingredient of contraceptives that 
pollutes natural water bodies via wastewater (Bhandari et al., 2015). 
Both these EDCs may cause male-to-female sex reversal based on 
their effects on oestrogenic enzymatic activities, female-skewed sex 
ratios and intersex gonads (Bhandari et al., 2015; Howe et al., 2004; 
Lanctôt et al., 2014; Tamschick et al., 2016). As both chemicals have 
been in use for about half a century, we can expect resistance to 
have potentially evolved in populations chronically exposed to these 
pollutants. Similar, rapid evolutionary changes due to anthropogenic 
habitat alterations have been documented in various taxa, including 
evolved tolerance to lethal effects of pollutants (Brans et al., 2021; 
Cothran et al., 2013; Johnson & Munshi-South, 2017; Marques da 
Cunha et al., 2019; Reid et al., 2016). Here we test for altered sus-
ceptibility to sex reversal (a sublethal EDC effect) in common toad 
populations living in anthropogenic habitats.

2  |  METHODS

2.1  |  Data collection

We captured 352 adult toads during the spawning seasons of 2016 
and 2017 at 14 breeding sites in north–central Hungary, which rep-
resented three habitat types: natural, agricultural and urban areas, 
with four or five sites per habitat type (Table S1, Figures S1 and 
S2). The habitats were categorized based on land cover within a 
500-m-wide belt zone around each breeding pond (see Supporting 
Information: section 1). We identified the phenotypic sex of adults 
by sexual characteristics: nuptial pads in males (N = 216) and pres-
ence of eggs in females (N  =  136). We took a DNA sample from 
each individual (buccal swab or tissue sample) and stored it in 96% 
ethanol.

In 2017, we transferred 89 pairs of the above-mentioned cap-
tured adults to captivity and allowed them to spawn there, as de-
scribed in Bókony et al. (2018). Depending on the availability of 
females and their willingness to spawn in captivity, we had 1–15 egg 
strings (families) from each of 11 sites out of the 14 sites sampled 
for adult DNA (36, 16 and 37 families from natural, agricultural and 
urban sites, respectively; Table S1). When the tadpoles hatching 
from the captive-laid eggs reached the free-swimming stage (de-
velopmental stage 25; Gosner, 1960), we haphazardly selected six 

individuals from each family, distributed them among six treatments 
(control, solvent control and four EDC treatments; N = 534: Table 
S2; see below), and raised them for ~5 months after metamorphosis 
as described in Ujhegyi and Bókony (2020). Because the method-
ological details of these procedures have already been published, we 
repeat them in the Supporting Information (section 2) of the present 
paper, and only the most important aspects of the experiment are 
described below.

The control group was kept in clean, filtered, reconstituted 
soft water, and served as control for the glyphosate treatments, in 
which a glyphosate-based herbicide formulation (Glyphogan Classic; 
Monsanto Europe S.A.; containing 41.5% [w/w] glyphosate and 
15.5% [w/w] polyethoxylated tallow amines) was added to the rear-
ing water to maintain a nominal concentration of either 3 µg L−1 or 
3 mg L−1 glyphosate. The solvent-control group, in which the rear-
ing water contained 1 µl L−1 ethanol, served as control for the EE2 
treatments, in which the nominal concentration was either 1 ng L−1 
or 1 µg L−1 EE2, obtained by dissolving EE2 powder (Sigma E4876) in 
96% ethanol and adding 1 µl of this solution to each litre of rearing 
water. Actual EDC concentrations were close to the nominal con-
centrations (Ujhegyi & Bókony, 2020). Both EDCs are documented 
to occur in our actual study ponds (Bókony et al., 2018). The lower 
and higher concentrations we used for each EDC represent the typ-
ical and maximum concentrations, respectively, detected in surface 
waters (Avar et al., 2016; Bhandari et al., 2015; Bókony et al., 2018; 
Brovini et al., 2021). The treatments lasted throughout the entire 
larval period for each individual, and were renewed twice a week at 
each water change.

When the toadlets (N = 417) reached the age by which their go-
nads are completely differentiated (Ogielska & Kotusz, 2004), they 
were killed by using MS-222, and we identified whether each indi-
vidual had testes or ovaries by dissection. We stored the gonads in 
10% buffered formalin and later examined them histologically (for 
detailed methods, see Nemesházi et al., 2020). In a few cases where 
we could not unambiguously categorize the gonads as testes or ova-
ries based on gross anatomy and histology, we treated the pheno-
typic sex as uncertain. We stored the body of dissected toadlets in 
96% ethanol until extracting DNA from a foot sample (see section 3 
in Supporting Information). Metadata for both adults and juveniles 
are publicly available on FigShare (Nemesházi, Sramkó, et al., 2021).

All captures and experimental procedures were carried out ac-
cording to the permits issued by the Government Agency of Pest 
County (Department of Environmental Protection and Nature 
Conservation) and the Budapest Metropolitan Municipality 
(Department of City Administration, FPH061/2472-4/2017). The 
experiments were further approved by the Ethical Commission of 
the Plant Protection Institute (ATK NÖVI).

2.2  |  Marker development and validation

For developing and validating genetic sex markers, we used a 
reduced-representation genomic library approach on toadlets with 
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known phenotypic sex from the control group of the common garden 
experiment. Since these animals had not been exposed to any stimuli 
that are expected to cause sex reversal, they are likely to have phe-
notypic sex concordant with their genetic sex. First, we selected 24 
nonsibling individuals sexed by gonad morphology (11 males, 13 fe-
males), representing 10 out of the 11 capture sites each by 1–4 toad-
lets. After DNA extraction (see section 3 in Supporting Information), 
we applied restriction-site associated DNA sequencing (RADseq) 
to identify sex-specific markers using the approach of Feron et al. 
(2021), which statistically examines RAD-tags as being significantly 
associated with a priori sex.

To generate RADseq data, we adopted the original RADseq 
protocol of Baird et al. (2008) and used dual-barcoded modified 
Illumina adapters. Next generation sequencing libraries were pre-
pared using 210 ng genomic DNA (gDNA) as starting material from 
each isolate that was digested with the rare cutter restriction en-
zyme SbfI-HF (New England Biolabs). Custom P1 adapters were 
ligated at sticky ends, and then isolates with a different adapter 
were pooled and sheared using a Bioruptor Pico machine (five cy-
cles of 30 s “on” 30 s “off”). Libraries were size selected using the 
SPRI Select Kit (Beckman Coulter) to contain 300–600-bp frag-
ments only. Custom P2 adapters were ligated to the fragments 
and sublibraries were pooled equimolarly. PCR (polymerase chain 
reaction) enrichment used the Phusion High-Fidelity PCR Master 
Mix (New England Biolabs) and a decreased number of PCR cycles 
(14) compared to the original protocol of Baird et al. (2008). After 
a final size selection the quality and quantity of the library were 
checked on a Bioanalyzer (Agilent Technologies) device, then the 
library was sequenced on an Illumina HiSeq platform with 150-bp 
paired-end sequencing option at a commercially available service 
provider (Novogene).

Raw Illumina reads were demultiplexed and filtered using pro-
cess_radtags from the stacks version 2.2 pipeline (Rochette et al., 
2019). Adapter content was additionally checked and removed by 
using fastp version 0.20.1 (Chen et al., 2018). Using the “forward” 
(R1) reads only, we screened the data set for sex-specific reads 
of the 24 samples with known sex by radsex version 1.1.2 (Feron 
et al., 2021). We identified significantly sex-linked markers by set-
ting the significance threshold to the False Discovery Rate adjust-
ment (Benjamini et al., 2001) of the p = .05 threshold adjusted for 
the number of tests (N  =  168 combinations of number of males 
and number of females in which the given marker is present; sex 
linkage tested by Pearson's χ2 test of independence with Yates’ 
correction for continuity). We set the minimum read depth to one, 
thus allowing discovery of the maximum number of potentially sex-
linked markers. Read depth and distribution of sex-specific mark-
ers were checked with the sgtr package (Feron et al., 2021) in r (R 
Core Team, 2014). Since radsex can only process reads that totally 
overlap (practically restricting this step to the “forward” reads), 
we retained sequence information of the “reverse” (R2) reads by 
picking the reads identified by radsex as significant markers and 
assembling “contigs” using the corresponding paired-end reads by 
using the GNU/Linux utility “grep.” First, we extracted all exact 

sequence matches of the forward reads to the output sequences 
of radsex signif, then searched for the read pairs by their unique 
read identifiers. These short reads were clustered into contigs by 
cd-hit version 4.8.1 (Fu et al., 2012) with a sequence similarity of 
1.0 and pear version 0.9.6 (Zhang et al., 2014), as implemented in 
ddocent version 2.7.8 (Puritz et al., 2014), which is designed for the 
de novo processing of RADseq data sets.

Using the ncbi Primer designing tool (https://www.ncbi.nlm.nih.
gov/tools/​prime​r-blast), we designed sequencing primers for PCR 
amplification of potentially sex-linked loci from the assembled 
RAD loci in order to obtain Sanger sequences of them. After PCR-
optimization (conditions for each sequencing primer pair are avail-
able in Table S3), loci that gave a bright PCR-product band in the 
expected size ranges on a 2% agarose gel were further processed. 
Such PCR products of three female and one male laboratory-raised 
juvenile toads from the control group were cut and purified from 
the gel using the NucleoSpin Gel and PCR Clean-up Kit (Macherey-
Nagel) and were sequenced on a 3130xl Genetic Analyzer (Thermo 
Fisher Scientific) by a commercially available service provider 
(BIOMI Kft.). We initially sequenced more females than males to 
obtain multiple copies from both sex chromosomes (i.e., a total of 
five Z and three W copies from the three ZW females and one ZZ 
male; note: female-associated alleles may not exclusively be found 
on the W chromosome, but for simplicity hereafter we will refer 
to these as W alleles). Sequences from each locus were manually 
checked using the staden software package (Bonfield et al., 1995) 
and subsequently aligned in mega (version 7.0.26). We focused on 
those loci where we both obtained unambiguous sequences and 
found sex-linked sequence differences, which were either sin-
gle nucleotide polymorphisms (SNPs) or insertions and deletions 
(InDels). These loci were sequenced in five males and five females 
in total for the purpose of designing diagnostic sexing primers. 
For four markers, we developed optimized sexing primers as de-
scribed in Supporting Information section 4 (see Figure S4 for an 
illustration of W-allele sequencing). When a Z/W InDel difference 
was large enough for detection on agarose gel, we designed sexing 
primers that would bind to both sex chromosomes (Z/W primers) 
and yield fragments of different length. For other loci, we added a 
digestion step where the W product was cut into two fragments by 
a restriction enzyme to be sex-specific. When the above methods 
failed, we included a third, W-specific, primer in the sexing PCRs to 
obtain a clearly distinguishable W product along with the products 
of the Z/W sexing primers.

We subsequently tested the developed sexing method 
for each sex marker (c2, c5, c12 and c16; see sexing primers in 
Table 1) in 46 males and 36 females with unambiguous sexual phe-
notype from the control group, all being nonsiblings and repre-
senting all 11 study sites that were used for the common garden 
experiment (including those used for sequencing and primer de-
sign). Additionally, we searched the common toad genome (NCBI 
GenBank identifier: aBufBuf1.1) in order to identify the sex chro-
mosomes based on our sex markers (see Supporting Information 
section 5).

https://www.ncbi.nlm.nih.gov/tools/primer-blast
https://www.ncbi.nlm.nih.gov/tools/primer-blast
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2.3  |  Identification of sex reversals

We used our novel sexing primers to distinguish sex-reversed and sex-
concordant individuals among both free-living adults and their juve-
nile offspring raised in our common garden experiment. Preparation 
of DNA samples for subsequent analyses is described in section 3 in 
the Supporting Information. Sexing PCRs were performed on a Life 
ECO TC-96/G/H(b)C (Bioer) or a Biometra Tone 96G (Analytic Jena) 
instrument using one of the following two touch-down protocols. 
PCRs of c5, c12 and c16 were performed as follows: 2 min denatura-
tion at 94°C followed by 13 cycles of 30 s denaturation at 94°C, 30 s 
annealing gradually decreasing from 68 to 64°C (−0.3°C per cycle) 
and 30 s elongation at 72°C, followed by 22 more cycles with the 
same settings but constant 64°C annealing temperature, and a final 
10 min extension step at 72°C. Amplification of c2 differed from the 
above PCR profile: the annealing temperature decreased from 66 to 
60°C in three cycles (touch-down phase), followed by 32 cycles with 
an annealing temperature of 60°C. PCRs of all markers were per-
formed in a total volume of 10 µl containing 2 µl FIREPol Master Mix 
(5×, ready to load; Solis BioDyne), 5 µl unquantified DNA for swab 
samples or 1 µl unquantified DNA for tissue samples, and varying 
amount of PCR primers and nuclease-free water. In the two-primer 
PCRs (c12 and c16), 0.4 pmol of each PCR primer (i.e., one forward 
and one reverse) was used. In the three-primer PCRs (c2 and c5), a 
mixture of 0.05 pmol BbS2r-F, 0.45 pmol Bb_c2-W-F and 0.4 pmol 
Bb_c2-R performed best for c2, while 0.8 pmol BbS5-F2, 0.175 pmol 
Bb_c5-W-R and 0.15  pmol Bb_c5-R gave the best result for c5. 
To perform W-specific digestion for c12, we subsequently added 
1.43  µl Tango Buffer (10×; Thermo Scientific), 0.72  µl TaiI restric-
tion enzyme (10 U µl−1; Thermo Scientific) and 2.85 µl nuclease-free 
water to the PCR product, resulting in a 15 µl final volume. Digestion 
was performed at 65°C for 2 hr. With each marker, genetic sex was 

identified by electrophoresis on 2% agarose (peqGOLD Electran; 
VWR Peqlab) gel (0.5% TBE buffer; Thermo Scientific) stained with 
ECO Safe (Pacific Image Electronics).

Because both the Z-linked and the W-linked PCR products of c16 
were similarly bright on the agarose gel, and genotyping required 
only a simple PCR with one sexing-primer pair (i.e., no third primer or 
enzymatic restriction was necessary), we decided to use this marker 

TA B L E  1  Sexing primers

Locus Primer ID Primer sequencea
Restriction 
enzyme Product size WW detectionb

c2 BbS2r-F TCCCCACACAAAGGAGAATGG — Z&W: 170 bp; W: 316 bp No

Bb_c2-W-F TGTTCTATGCACTATGTGG

Bb_c2-R ATCATCGAAGGGAAGAGCCG

c5c BbS5-F2 CACAGCCCCTTCTTTGCTAAC — Z: 406 bp; W: 376 & 238 bp Yes

Bb_c5-R CTGGACGTATGTTCTCCACG

Bb_c5-W-R GGGCCAATTTTTTGGAGAAG

c12d Bb_c12-F GTTCGGTCCCTCCTGAACG TaiI Z: 402 bp; W: 287 & 112 bp Yes, if W is digested 
completelyBbS12r-R GCCTAACCCGATGAAGCCG

c16 BbS16-F3 GAACAGGGCGCCCACAC — Z: 218 bp; Yes

BbS16-R ACTCCAATCTCCAGAACGGC W: 258 & ca. 290 bp

aNucleotides highlighted are SNP positions and are either W (underlined italic) or Z versions (underlined bold). These primers nevertheless bind to 
both sex chromosomes.
bAlthough we did not find WW individuals in our data set, theoretically this genotype could be detected with c5, c12 and c16.
cAmong the two W-specific products, the 376-bp fragment is amplified by BbS5-F2 and Bb_c5-R, while the 238-bp fragment is amplified by BbS5-F2 
and Bb_c5-W-R. WW identification is possible after ~180 min of electrophoresis at 100 V on a 2% agarose gel.
dW-products represent the post-restriction fragment sizes.

F I G U R E  1  Tile plot showing the number of radsex markers found 
in different sexes. The shade of each tile refers to the number of 
markers that were found in a given number of males and females. 
Thick black frames around tiles show significantly sex-linked 
markers, and the numbers within these tiles indicate the exact 
number of markers
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for screening all those individuals from the common garden exper-
iment that had not been sexed during the marker testing phase as 
well as the wild-caught adults. If the c16 genotype of an individual 
did not match its phenotype, we genotyped the individual for c12 
as well, to ensure correct assignment of the genetic sex. Individuals 
with uncertain sexual phenotype were sexed for at least two addi-
tional markers besides c16.

3  |  RESULTS

3.1  |  Marker development and validation

Based on 24 individuals, radsex identified 17 significantly sex-linked 
markers (Figure 1), out of which 13  showed a female-biased pat-
tern (as expected under ZW/ZZ sex determination), but two of the 
latter were suspected to be paralogue sequences. During marker 
development, we concentrated on the remaining 11 RAD loci and 
designed sequencing primer pairs for each. Of these, nine primer 
pairs produced bright PCR products of the expected fragment size, 
and we obtained unambiguous sequences from seven loci (Table S3). 
We found sex-linked InDel or SNP differences in the sequences of 
four loci hereafter referred to as c2, c5, c12 and c16 sex markers 
(sequences were registered at NCBI GenBank under the following 
accession numbers: OK507208–OK507215). NCBI genome blast 
search (see also Supporting Information section 5) indicated that 
c12 was located on chromosome 5, whereas c2 and c16 were lo-
calized on two different, unplaced scaffolds: the former is currently 

suggested to belong to chromosome 6, but no such information is 
available on the latter. For c5, genome blast showed highly similar 
sequences on several different chromosomes, including multiple lo-
cations on chromosome 5.

Final sexing PCR primers for our four sex-linked markers, prod-
uct sizes and further details are shown in Table 1. Sexual genotypes 
based on each marker matched the sexual phenotype in all 82 nonsi-
bling individuals chosen for marker validation, yielding 100% reliabil-
ity for sexing with each of our four, newly devised markers.

3.2  |  Identification of sex reversals

We successfully genotyped 349 wild-caught adults from 14 breed-
ing ponds, while PCRs failed in three individuals (Table S1). We found 
135 concordant ZW females and 213 concordant ZZ males, and a 
single sex-reversed individual, a phenotypic male from an agricul-
tural site (“Határrét”; see Figure S1) which was diagnosed as genetic 
female (ZW) by three out of four markers (c16, c2, and c12), while 
repeated PCRs with marker c5 gave ambiguous results.

We successfully genotyped all 417 toadlets that survived until 
phenotypic sexing in the common garden experiment. We detected 
no sex reversal in any of the treatment groups, except for the higher 
concentration of EE2 (Figure 2). However, detection of sex reversal 
might have been hindered by the high mortality rate in the treatment 
group of high concentration of the glyphosate-based herbicide (see 
more details in Ujhegyi & Bókony, 2020). In the high-concentration 
EE2 treatment, all genetic males developed into phenotypic females, 

F I G U R E  2  Proportion of concordant and sex-reversed individuals in each treatment group by habitat type of the parents’ capture site. 
Bar widths are proportional to sample size, which varied between two and 35 due to differences in survival (see Table S2). GLY, glyphosate; 
EE2, 17α-ethinylestradiol
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regardless of their original habitat type (Figure 2). The ovaries of the 
male-to-female sex-reversed individuals (ZZ females) were anatomi-
cally and histologically indistinguishable from the ovaries of concor-
dant females (Figure S3). Additionally, six individuals with uncertain 
sexual phenotype were found to be genetically males (ZZ). Four of 
these toadlets, all originating from urban ponds, had intersex gonads 
(Figure 3); three of them had been treated with the lower concen-
tration of the glyphosate-based herbicide and one with the lower 
concentration of EE2 (Figure 2). In the remaining two toadlets we 
could not unambiguously ascertain if the gonads were intersex or 
normal testes (Figure 3).

4  |  DISCUSSION

The novel sex markers developed in our study confirmed that 
Hungarian populations of the common toad are female heteroga-
metic (Figures S5 and S6), echoing recent findings from Switzerland 
(Dufresnes et al., 2020). Identification of the common toad's sex 
chromosomes has remained unresolved so far (Dufresnes et al., 
2020). Genome blast showed that at least three of the four new sex 
markers are located on different scaffolds, but the specific position 
of these scaffolds is unknown, except for one which is located on 
chromosome 5. One of the unplaced scaffolds, however, was sug-
gested to belong to chromosome 6. Some anuran species feature 
complex sex determination that can include multiple sex chromo-
somes (Gazoni et al., 2018; Roco et al., 2015). In such cases, sex 
chromosomes can form a meiotic chain, and therefore multiple loci 
of different chromosomes may be inherited in linkage. Because 
each of our sex markers showed 100% sex linkage, they are prob-
ably all located on the sex chromosome(s). Based on the available 
data, we propose chromosome pair 5 (most similar to chromosome 
6 in Xenopus tropicalis) as a candidate sex chromosome pair in the 
common toad, but the exact number of sex chromosomes operating 
in this species has yet to be determined. Irrespective of the exact 
location on the chromosomes, our new marker system enables ac-
curate identification of the genetic sex in the common toad. While 
the majority of amphibian species to which genetic sexing methods 
have been established feature XX/XY sex determination (Alho et al., 
2010; Lambert et al., 2019; Nemesházi et al., 2020; Xu et al., 2021), 
our new marker set provides a cheap and easy-to-use method for 
future studies aiming to understand sex-reversal mechanisms in an 
anuran species with ZW/ZZ sex determination.

Our field study on several hundreds of adult toads found only 
a single case of sex reversal: three out of our four sex markers con-
firmed that the W chromosome was present in the DNA sample of 
one adult male captured at an agricultural site. The fourth marker 
(c5) gave inconclusive result, cautioning against use of this marker 
for genetic sexing in future studies. Given the lack of further swab 
samples from this animal, we cannot completely exclude the possi-
bility of contamination. Nevertheless, we had the highest number of 
phenotypic male samples from the pond where this individual was 
captured (Figure S1), and thus finding a single sex reversal at this site 

is compatible with the idea of an existing but very low frequency of 
sex reversal in the studied common toad populations. This almost 
complete lack of sex reversal is surprising, because we found many 
EDCs in the studied ponds, with higher concentrations in anthropo-
genic areas, as published in earlier papers (Bókony et al., 2018, 2021). 
Furthermore, we found a considerable number of female-to-male 
sex-reversed agile frogs (Rana dalmatina) in some of these ponds in 
the same years (Figure S1; Nemesházi et al., 2020). Thus, the lack of 
sex reversal in toads cannot be explained by the general lack of sex-
reversing effects in the studied sites. Instead, this result may sug-
gest that toad populations living in more polluted areas might have 
evolved resistance to sex reversal, thereby showing the same un-
disrupted sex development as their conspecifics in natural habitats. 
However, this interpretation is not supported by the results of our 
common garden experiment, because the effects of sex-reversing 
EDC treatments on the offspring of the studied toads did not de-
pend on their original habitat type. Instead, they either all showed 
no sex reversal at low concentration of both EDCs, or showed a 
100% male-to-female sex reversal in the presence of high EE2 con-
centration (Figure 2). We found only a slight indication of habitat 
dependence of EDC susceptibility, suggesting that toads originating 
from anthropogenic habitats may be more, not less, susceptible to 
disrupted sex development: only urban toadlets displayed intersex 
gonads in a few cases when treated with ecologically realistic, low 
EDC concentrations. It remains to be tested if other EDC compounds 
or other concentrations within the range of the realistically low and 
close-to-maximum values that we applied here would reveal habitat-
dependent sex-reversal probabilities in toads or any other species 
liable to sex reversal. Nevertheless, because most EDCs found in 
amphibian breeding habitats have oestrogenic potential (Bókony 
et al., 2018), our treatments provide a good overall representation of 
the oestrogenic EDC effects probably present in the field.

As a possible explanation for our results, the survival rate of sex-
reversed juveniles might be low in the wild, resulting in a low preva-
lence of sex-reversed individuals among adults. The environmental 
stimuli that cause sex reversal may have other developmental ef-
fects that might reduce survival; for example, heat stress in agile 
frogs increases both sex-reversal rate and mortality (Mikó et al., 
2021). However, a meta-analysis found no significant relationship 
between chemically induced sex reversal and mortality in aquacul-
ture fish (Senior et al., 2012). Similarly, in our present study, toadlet 
survival was not reduced in the treatment group that showed 100% 
male-to-female sex reversal (Table S2), although this might not be 
representative of their survival chances in the wild. Mortality can 
be especially high during the first winter hibernation (Üveges et al., 
2016), which was not assessed in the present study. Moreover, sex-
reversed individuals may show different behaviour (Li et al., 2016; 
Senior et al., 2015). If their altered behaviour also affects their mi-
crohabitat use or results in changed activity during the breading 
season, these individuals might be harder to find by conventional 
capturing methods. There is currently very little information on the 
survival and behaviour of sex-reversed individuals in nature (Wild 
et al., 2022), so testing the above ideas will require further research.
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As an alternative explanation that is not mutually exclusive with 
the above hypotheses, we speculate that the common toad may be 
relatively resistant to sex reversal, regardless of habitat type. In all 
other anuran species studied so far for sex reversal in free-living 
populations, female-to-male sex reversal was found in noticeable 
numbers (Alho et al., 2010; Lambert et al., 2019; Nemesházi et al., 
2020; Xu et al., 2021), and a few cases of male-to-female sex reversal 
were also indicated (Lambert et al., 2019). There are several differ-
ences between the common toad and the previously studied anuran 
species, which might contribute to the apparent difference in sex-
reversal frequencies found in their wild populations. First, all species 
studied so far belong to the family Ranidae, whereas the common 
toad is a member of Bufonidae; and different phylogenetic lineages 
may show different sensitivity for certain sex-reversing conditions 
(Chardard et al., 2004; Hayes, 1998; Orton & Tyler, 2015; Tamschick 
et al., 2016). Second, toads produce defensive toxins from choles-
terol, the precursor of steroid hormones (Daly, 1995), and they have 

been selected for resistance to autotoxicity (Moore et al., 2009). 
This might have conferred them tolerance to other chemical per-
turbations which mimic the effects of steroid hormones (including 
oestradiols and “stress hormones”), similarly to the cross-resistance 
provided by tolerance to certain pesticides in other anurans (Hua 
et al., 2014). Third, sex reversal may be triggered by not only chemi-
cal but also thermal stimuli, and different species may have adapted 
to different temperatures. If sex reversal in free-living amphibians 
occurs mostly due to extreme temperatures (Lambert et al., 2018; 
Mikó et al., 2021), the lack of sex reversal in common toads might 
be explained by their higher tolerance to heat. In line with this idea, 
the breeding season starts ~1  month later in spring for common 
toads than for agile frogs in our study region; accordingly, we found 
female-to-male sex reversal in agile frogs (Nemesházi et al., 2020) 
but not in common toads among free-living adults, and we found the 
same difference between the two species in an experimental study 
of heat-induced sex reversal (Ujszegi et al., 2021). Similarly, evolution 

F I G U R E  3  Ambiguous gonads in juvenile common toads. (a) The gonad on the left is a normal testis and the gonad on the right is an 
ovary. This individual originated from an urban pond (Pesthidegkút) and was treated with 1 ng L−1 EE2. (b) The testes are abnormally shaped 
and Bidder's organ on the right has an ovary-like structure. This individual originated from an urban pond (Pilisvörösvár) and was treated 
with 3 µg L−1 glyphosate. (c) A small ovary-like structure (white arrow) between the testis and Bidder's organ. Two individuals treated with 
3 µg L−1 glyphosate had this morphology; both originated from urban ponds (Göd, Pesthidegkút). (d) Histological image of the gonad from 
one of the individuals showing the gross anatomy in (c). A single oogonium (black arrow) is found in the testicular tissue. (e) Abnormal gross 
anatomy of testes and Bidder's organs in an individual from the solvent control group, originating from an urban pond (Pilisszentiván). The 
histological section of this individual was lost, so its phenotypic sex was categorized as uncertain. (f) Histological image of the gonad from 
the other individual whose phenotypic sex was categorized as uncertain. The cells shown by arrows may be testicular oogonia, or may 
belong to Bidder's organ. Gross anatomy showed normal testes. This individual originated from a natural pond (János-tó) and was raised in 
the control group
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of different temperature thresholds for sex reversal was suggested 
to explain the finding that in a reptile, Pogona vitticeps, sex reversal is 
absent in the hottest part of the species’ range (Castelli et al., 2021).

What makes different populations and species more or less suscep-
tible to sex reversal is an important question for evolutionary ecology 
as well as for conservation biology. Possible reasons include con-
straints such as the degree of sex-chromosome heteromorphy (Miura 
et al., 2016) and direct or indirect selection pressures. For example, 
artificial selection for increased fecundity in females can indirectly af-
fect male sensitivity to oestrogenic disruption of testis development 
and spermatogenesis (Spearow et al., 1999). Such selection pressures 
may force populations to evolve or plastically modulate any element 
involved in the biochemical pathway that translates environmental 
stimuli into sex (Castelli et al., 2020), such as by mutation of genes 
encoding hormone receptors (Castañeda Cortés et al., 2019; Hamilton 
et al., 2020). Thus, the vulnerability of phenotypic sex development 
may be shaped by multiple forces, which might explain why research-
ers have had mixed success in finding clear-cut relationships of sex-
reversal rate with environmental factors such as climate (e.g., Castelli 
et al., 2021 vs. Dissanayake et al., 2021) and urbanization (Lambert 
et al., 2019 vs. Nemesházi et al., 2020) or with taxonomy (Senior & 
Nakagawa, 2013). Even when a clear correlation is present, the under-
lying mechanisms are difficult to ascertain: for example, oestrogenic 
pollution in river stretches is associated with a high frequency of inter-
sex in fish but not with polymorphisms in genes involved in responses 
to EDCs (Hamilton et al., 2020). Our present results with common 
toads add to this complex picture, emphasizing the need for further 
research on sex reversal in a wide diversity of species. Building on our 
accumulated understanding from laboratory experiments on how en-
vironmental perturbations affect sex and from theoretical models on 
how sex reversal may impact population dynamics and evolution, the 
time is ripe for empirical studies on the causes and consequences of 
sex reversal in wild populations in the Anthropocene.
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1. Capture sites 

Twelve of our 14 capture sites have been described in detail in an earlier paper (Bókony et al. 

2018). These 12 sites were sampled in 2017 to investigate the chemical pollutants in breeding 

ponds and the toads' reproductive performance (Bókony et al. 2018), toxin production (Bókony 

et al. 2019), and sexual dichromatism (Ujhegyi and Bókony 2020). For the current study, we 

additionally captured adults at a natural site in 2016 (Garancsi-tó), and one pair at an urban site 

in 2017 which was not included in the previous papers due to the small sample size. The 

characteristics of each study site and the number of captured toads are given in Table S1. Pond 

locations are shown in Figure S1. 

We categorized habitat type based on geoinformatics measurements of land use in a 500-m wide 

belt around each pond, as described in detail in an earlier paper (Bókony et al. 2018). We 

measured the area of 6 land-use categories (Table S1): “natural” vegetation (e.g. woodlands, 

non-agricultural meadows), arable fields, pastures, residential areas, public built areas (e.g. 

commercial and industrial areas), and roads with vehicular traffic. Using these 6 landscape 

variables we performed a principal component analysis (PCA), which yielded two axes with >1 

eigenvalue, explaining 80.2% of variation in total; urban and agricultural landscape areas loaded 

on the first and second axis, respectively (loadings, PC1: arable fields -0.30, pastures -0.21, 

natural vegetation -0.27, residential areas 0.53, public, built areas: 0.46, roads: 0.55; PC2: arable 

fields 0.60, pastures 0.43, natural vegetation -0.66, residential areas 0.05, public, built areas: 

0.10, roads: 0.04). The 14 capture sites separated along these two PCA axes into three clusters 

(Figure S2), corresponding to our subjective categorization of habitat type except that one site 

(Merzse) was assigned between natural and agricultural areas (note, however, that this site was 

not used for the common garden experiment). 
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Table S1. Geographical coordinates, land use characteristics, and sample sizes for the 14 capture sites in the present study. Note that the 

numbers of phenotypic males and phenotypic females reflect capture success and not population sex ratio at each site. 

 

Pond 

(abbreviation) 
Habitat type 

Coordinates Proportion of landscape cover Adult 

toads 

(males, 

females) 

Number of 

clutches in 

common 

garden N° E° 
Arable 

fields 
Pastures 

Natural 

vegetation 

Residential 

areas 

Public, 

built 

areas 

Roads 

Anyácsapuszta (A) agricultural 47.582 18.697 0.802 0.051 0.145 0 0 0.007 15*, 6 2 

Bajdázó (B) natural 47.904 18.978 0 0.022 0.97 0 0 0.024 7, 7 7 

Erzsébet-ér (E) urban 47.429 19.134 0.015 0.102 0.370 0.324 0.124 0.063 1, 1 1 

Garancsi-tó (Ga) natural 47.624 18.806 0.002 0.056 0.859 0.066 0.001 0.015 26, 26 0 

Göd (Göd) urban 47.685 19.130 0 0 0.248 0.431 0.033 0.053 14, 12* 11 

Gyermely (Gy) agricultural 47.613 18.652 0.735 0.014 0.213 0.001 0.027 0.011 17*, 0 0 

Határrét (Ha) agricultural 47.645 18.911 0.484 0.137 0.284 0.07 0 0.026 27, 12 11 

János-tó (J) natural 47.714 19.020 0 0 0.987 0 0 0.012 18, 16 14 

Merzse (M) 
natural / 

agricultural 
47.446 19.284 0.341 0.068 0.584 0 0 0.011 9, 1 0 

Perőcsény (Pe) agricultural 47.986 18.841 0.346 0.141 0.498 0 0 0.014 12, 5 3 

Pesthidegkút (Ph) urban 47.569 18.955 0.013 0 0.156 0.724 0.031 0.077 22, 12 8 

Pilisvörösvár (Pv) urban 47.610 18.920 0.004 0.024 0.27 0.531 0.083 0.077 22, 12 7 

Pilisszentiván (Ps) urban 47.607 18.908 0 0 0.282 0.455 0.173 0.076 11, 11 10 

Szárazfarkas (Sz) natural 47.734 18.819 0 0 0.988 0 0 0.012 15, 15 15 

 

*One individual from each of these 3 groups could not be sexed genetically. 
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Figure S1. The number of successfully genotyped wild-caught males in each breeding pond 

and the respective ratios of genetic females among phenotypic males. Common toads (Bufo 

bufo) from the present study are shown with circles. For comparison, agile frog (Rana dalmatina) 

data from the same breeding ponds are shown with triangles: these data suggest that sex-

reversing effects are present in many of these breeding sites at biologically relevant levels 

(source: Nemesházi et al. 2020).  The only sex-reversed (ZW) male common toad was found in 

Határrét, marked by an asterisk (the proportion of genetic females in phenotypic males was 0.037 

in this pond). Hillshade (ESRI World hillshade) and water (Global Surface Water Transitions) 

displays were downloaded using the QuickMapServices module in QGIS 3.18.3. Art work was 

done in Inkscape 0.92. 
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Figure S2. Grouping of the capture sites of common toads along gradients of urban and 

agricultural land use. Symbol shape indicates habitat type (circles: natural, squares: 

agricultural, triangles: urban; a site intermediate between natural and agricultural habitats is 

shown with a circle inside a square, and two overlapping natural sites are shown with two 

concentric circles). Symbol colour indicates whether the site was used only for sampling adults 

(grey) or also for the common garden experiment (white). 

 

2. Experimental procedures 

Adult toads were captured by a drift fence with pitfall traps in 2016 and by hand in 2017. 

Whenever we captured gravid females at a site in 2017, all toads were transported to our 

laboratory for the common garden experiment, where temperature was 20 ± 1.55 °C and artificial 

light-dark cycles mimicked the natural photoperiod. We housed each pair in a 52 × 37 × 33 cm 

plastic box filled with 15 L reconstituted soft water (RSW; 48 mg NaHCO3, 30 mg CaSO4 × 2 

H2O, 61 mg MgSO4 × 7 H2O, 2 mg KCl added to 1 L reverse-osmosis filtered, UV-sterilized tap 

water) and containing 4 vertical wooden sticks as spawning substrates. Each box housed one 

male and one female haphazardly chosen from the individuals captured at the same pond. The 

pairs were allowed to spawn for one week (they spawned 0-7 days after capture, with a median 

of 2 days; 87% spawned within 3 days), after which they were released along with most of their 

eggs at the pond where they had been captured. 



6 

 

From each pair, we kept ca. 30 eggs in the lab until hatching. When the embryos became free-

swimming tadpoles, we selected 6 healthy-looking individuals (i.e. no visible deformities or 

abnormal behaviour) from each family and moved each tadpole into a 2-L plastic box filled with 

1 L RSW treated according to the chemical treatment group assigned to each individual (as 

detailed in the main text). The remaining tadpoles were released to the pond where their parents 

had been captured. We raised the tadpoles to metamorphosis by feeding them with chopped 

commercial spinach ad libitum and changing their rearing water twice a week. We applied the 

treatments throughout the entire larval development because we are not aware of any information 

about the timing of a sensitive period of sex determination in common toads. When a tadpole 

started metamorphosis (i.e. appearance of forelimbs), we decreased the water level to 0.1 L and 

slightly tilted the container to allow the animal to leave the water. When it completed 

metamorphosis (i.e. disappearance of the tail), we moved it into a clean rearing box containing 

wet paper towels as substrate and a piece of egg carton as shelter, which were changed every two 

weeks. We fed the toadlets ad libitum with springtails and small crickets, amended with a 3:1 

mixture of CaCO3 and Promotor 43 powder (Laboratorios Calier S.A., Barcelona, Spain) 

containing vitamins and amino acids. We raised the juveniles for 119-178 (median: 160) days 

after completion of metamorphosis; dissections took place between October 6 and November 10, 

2017. By this time, our initial sample size of 534 decreased by 117 because two toadlets escaped 

from their boxes and 115 individuals died, most of them (N=78) in the 3 mg/L glyphosate 

treatment (Table S2); this high level of mortality was unexpected based on our earlier study on 

common toad tadpoles from the same region (Mikó et al. 2017). Additionally, one female that 

died shortly before the start of dissections was also dissected and sexed. The timing of dissection 

was balanced among the animals from the three habitat types such that natural, agricultural and 

urban individuals were systematically rotated during the one-month period. We euthanized the 

toadlets by a one-hour immersion into a room-temperature water bath of 5.4 g/L MS-222 (Sigma 

E10521) buffered to neutral pH with the same amount of Na2HPO4, and we inspected the gonads 

under a stereomicroscope with 1-3× optical zoom (Figure S3 and Figure 3). 
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Table S2. Number of laboratory-raised individuals in each treatment. 

Groups ZW female ZZ male ZZ female ZZ uncertain Died Total 

Control 36 46   1 6 89 

Natural 15 19  1 1 36 

Agricultural 8 7   1 16 

Urban 13 20   4 37 

Glyphosate 3 µg/L 35 39   3 12 89 

Natural 10 22   4 36 

Agricultural 9 5   2 16 

Urban 16 12  3 6 37 

Glyphosate 3 mg/L 7 4     78 89 

Natural 1 1   34 36 

Agricultural 4    12 16 

Urban 2 3   32 37 

Solvent control 49 29   1 8 (+2*) 89 

Natural 16 14   4 (+2*) 36 

Agricultural 10 5   1 16 

Urban 23 10  1 3 37 

EE2 1 ng/L 48 35   1 5 89 

Natural 22 12   2 36 

Agricultural 8 7   1 16 

Urban 18 16  1 2 37 

EE2 1 µg/L 44   39   6 89 

Natural 14  20  2 36 

Agricultural 11  5   16 

Urban 19  14  4 37 

Total 219 153 39 6 117 534 

* In total, two toadlets escaped their rearing boxes   
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Figure S3: Ovaries in juvenile common toads raised in the 1 μg/L EE2 treatment group. 

Gross anatomy (A, B) and histology (C, D) of a concordant female (A, C) and a male-to-female 

sex-reversed individual (B, D). 
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3. DNA extraction 

For RADseq, we extracted genomic DNA from foot clips of 24 toadlets following the protocol 

of (Cserkész et al. 2015). Briefly, tissue samples were placed in 150 µl lysis buffer containing 

0.2 % SDS, 100 mM Tris-HCl (pH = 7.5), 200 mM NaCl, 5 mM EDTA (pH = 8.0). To ensure 

effective digestion we added 20 µl Proteinase-K (20 mg/mL) (Thermo Scientific, MA, USA) to 

the mixture and incubated the samples overnight.at 55 °C. To remove RNA content, we added 5 

µl RNase A (1 mg/mL; Thermo Scientific, MA, USA) and incubated the tubes at room 

temperature (15 - 25 °C) for 15 minutes. Then, genomic DNA was washed with 0.5 V of 

ammonium-acetate (7.5 M) and an equal volume of chloroform-isoamylalcohol (24:1). The 

supernatant was transferred to a clean tube and DNA was precipitated with an equal volume of 

isopropanol and pelletised by heavy centrifuging. The pellets were washed twice with 70 % 

ethanol and resuspended in Tris-HCl (pH = 7.5) buffer. Isolates were checked for the presence 

of high molecular weight DNA using gel electrophoresis on 1% agarose-gel. 

From buccal swab samples of adult toads collected in 2017, genomic DNA was extracted with 

either Bio-Tek Omega E.Z.N.A. Forensic DNA kit (99 individuals) or Quiagen QIAamp 

Investigator kit (200 individuals) following the manufacturers’ instructions, except for the 

following modification. When using the E.Z.N.A. Forensic kit, we added 200 µl TL Buffer, 25 

µl Proteinase K and 225 µl BL Buffer to each swab and incubated it at 60°C for 1 hour. From 

samples of adults captured in 2016, DNA was extracted with Thermo Fisher Scientific Geneaid 

Genomic DNA Extraction Kit (23 toe clips and one muscle sample from an animal found dead), 

and Bio-Tek Omega E.Z.N.A Tissue DNA kit (29 toe clips) following the original protocols with 

some modifications (at least 2-hr digestion followed by 30-min lysis). In the end of the DNA 

extraction with either one of the kits, we added 100 µl elution buffer to the columns containing 

the purified samples. 

For all analyses of toadlets after RADseq, we extracted genomic DNA from foot clips by either 

Thermo Fisher Scientific Geneaid Genomic DNA Extraction Kit (54 juveniles from the control 

group) or Bio-Tek Omega E.Z.N.A Tissue DNA kit (363 juveniles including individuals from 

the control as well as the treated groups) as described above. 
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4. Details of sexing-primer design and sex-marker optimization 

For c16, considerable size difference (in total 43 bp) resulting from InDels allowed unambiguous 

Sanger sequencing of both the Z and W allele. Sequences obtained from c2, c5 and c12 were 

unambiguous in the male and partially also in the three females, but double peaks appeared after 

a certain point in the latter sex. We suspected that this issue was caused by InDels between the 

respective W and Z copies of these loci and decided to untangle the noisy sequences manually 

by comparing alternative bases to the Z sequence obtained from the male (Figure S4). This 

process resulted in a candidate W sequence for each locus. Based on these candidate sequences, 

we designed W-specific PCR primers to enable separate sequencing of the respective W alleles 

(Table S3). We sequenced each locus in a total of 5 males and 5 females as follows: the original 

primers binding to both Z and W were used for sequencing males (i.e. product including the 

whole target sequence), while females were sequenced using either a forward or reverse W-

specific primer. Alignment of the respective sequences confirmed the presence of InDels 

between the Z and W copies in all three loci. 

 

Figure S4. Illustration of the designing process of W-specific primers based on sequences 

produced with primers that bind to both Z and W. Respective sequences are shown below 

each other across all panels. 

The InDel on c5 resulted in a 30 bp size difference between the Z and W alleles, which is suitable 

for detection on agarose gel, so first we designed sexing primers that embraced the sex-linked 

InDel (primers BbS5-F2 and Bb_c5-R in Table 1). However, after gel electrophoresis of the PCR 

products, the W-band was very faint in some of the females. We decided to combine this Z/W 

universal primer pair with the W-specific reverse primer (Bb_c5-W-R; see Table 1) designed 

earlier for sequencing, to obtain one (Z-linked) band in males and three (one Z- and two W-
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linked) bands in females (Figure S5). This primer combination amplified suitably bright Z and 

W bands in all individuals where the faint-W-product problem occurred earlier. 

 

Figure S5. Sexual genotypes identified on 2% agarose gel with each sex marker. The primers 

used for each sexing PCR are listed in Table 1. Note that PCR products of c12 (panel c) were cut 

with Tail enzyme before gel electrophoresis. 

Size difference between the Z and W alleles of loci c2 and c12 was too short for detection on 

agarose gel (1 and 3 bp, respectively). However, consistent SNP differences between the Z and 

W alleles provided W-linked recognition sites for restriction enzymes. Therefore, PCR products 

of the sexing primers designed for these loci were digested enzymatically. While the PCR 

product of c12 was digested as described in the main text (see also Table 1 and Figure S5), c2 

was digested by BseDI (10 U/µl, Thermo Scientific) in a two-hour digestion step was performed 
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at 55°C, followed by heat inactivation at 80°C. Subsequent agarose gel electrophoresis resulted 

in one band in males (ZZ) and three bands in females (ZW; the W product was digested into two 

fragments, while the Z product remained intact) for both c2 and c12. Using c2, however, the W-

band was missing or very faint in some females after multiple attempts of sexing. We obtained 

W sequences from 5 such females and found no discrepancies compared to other females: both 

the recognition site of the restriction enzyme and the binding site of the forward primer used for 

sexing matched across all the sequenced females. Because we could not identify the cause of 

insufficient W-specific digestion, we decided to amplify the c2 sex marker using the W-specific 

forward primer (previously used for sequencing W) together with the Z/W primer pair instead 

of digesting the PCR products (Table 1 and Figure S5). We could not exclude the possibility that 

the insufficient performance of the above-described restriction method was caused by 

mismatches present at the reverse primer’s binding site. However, successful amplification of 

the W product after the introduction of a second forward (but not another reverse) primer 

suggests that the reverse primer’s binding success to W was not a major issue here. 

Because the RAD sequence of c16 suggested the presence of many SNPs across the locus, the 

forward primer contained a supposedly W-specific nucleotide at a distance of 3 positions from 

the 3’ end of the primer. As a result, the Bb_c16-F2 + Bb_c16-R2 primer pair (Table S3) 

amplified W more efficiently compared to Z and it produced a single band in each sex (W in ZW 

females and Z in ZZ males), but the band size differed between sexes. The obtained sequences 

revealed that there is overall 42 bp size difference between the Z and W copies due to the 

presence of a total of three InDels. We designed further primer pairs that would bind to Z and W 

with the same efficiency (including a total of 40-43 bp InDel difference), which all produced a 

surprising sex-linked pattern: one band in males and three bands in females (see Table 1, Table 

S3 and Figure S5). We attempted to obtain sequence of the unexpected W band by cloning the 

respective PCR products with both the BbS16-F3 & BbS16-R and the Bb_c16-F & Bb_c16-R2 

primer pairs. However, after purification, the sample always contained some of the shorter 

fragments as well, and the plasmid vector integrated those instead of the product of interest. 
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Table S3. Primers used for Sanger sequencing of potentially sex-linked loci identified by 

RADSeq. 

Locus Primer Primer sequence (5'->3')* Target 
Product 

(bp) 
Annealing 

(°C) 
Comment 

c1 
Bb_c1-F2 ACTTTGTGTGCTTAGTGTCCG 

Z & W 185 65 1 
Ambiguous 
sequence Bb_c1-R2 GGTTCCTACCTTGACACCCTA 

c2 

Bb_c2-F AGGACCTGTGTGGTCTGT 
Z & W 

Z: 385 
68-64 2 Good in ZZ males 

Bb_c2-R  ATCATCGAAGGGAAGAGCCG W: 386 

Bb_c2-W-F TGTTCTATGCACTATGTGG 
W 311 65-57 2  

Bb_c2-R2 CGAAGGGAAGAGCCGTC 

c3 
Bb_c3-F GCAGGAGACTACCCACGGA 

Z & W 335 57 1 
No sex-linked 

pattern Bb_c3-R AGATCGCCGCTCAGAAGGTCG 

c5 

Bb_c5-F AGGATGACTGGCTTGATC 
Z & W 

Z: 477 
61 1 Good in ZZ males 

Bb_c5-R CTGGACGTATGTTCTCCACG W: 447 

Bb_c5-W-F CATCCGATGTTCCCAGCAGT 
W 346 68-64 2  

Bb_c5-R CTGGACGTATGTTCTCCACG 

Bb_c5-F AGGATGACTGGCTTGATC 
W 339 68-64 2  

Bb_c5-W-R  GGGCCAATTTTTTGGAGAAG 

c9 
Bb_c9-F TGCAGGGACCAAGCTAATCA 

Z & W 346 60 1 
Ambiguous 
sequence Bb_c9-R TGCACACCTTTGCATCTTCTG 

c12 

Bb_c12-F GTTCGGTCCCTCCTGAACG 
Z & W 

Z: 410 
63 1 Good in ZZ males 

Bb_c12-R CTCCTCAGGCCTAACCCGAT  W: 407 

Bb_c12-W-F TCCGTTTCAGACTCGGC 
W 309 68-64 2  

Bb_c12-R CTCCTCAGGCCTAACCCGAT  

c13 
Bb_c13-F GTGGTTTCGGTCTTTCTTCCAG 

Z & W 422 68-64 2 
No sex-linked 

pattern Bb_c13-R CCCGTTTGTACACCTCTGTAT 

c16 

Bb_c16-F AGGTGGTTTCCATAGCGCTTTTA 

Z & W 

Z: 367 

70-65 3 Good in ZZ males 
Bb_c16-R2 AATGTCAGATGCGGGTCGG 

W: 410 
& 

ca. 450 

Bb_c16-F2 TATGGAGCCTTAAAGGGGTGG 
Z & W 

Z: 313 
70-65 3 

If W is present, it is 
amplified 

predominantly Bb_c16-R2 AATGTCAGATGCGGGTCGG W: 355 

c17 
Bb_c17-F TGAGAACGTTTATGCCTCGCT 

Z & W 458 58 1 
No sex-linked 

pattern Bb_c17-R CACCGATGCCCAACCACTTA 

 

* Nucleotides highlighted in colour are SNP positions, and are either the W (red) or the Z (blue) 

versions. These primers bind to both sex chromosomes nevertheless. 

1 PCRs were performed as follows: 94°C for 2 min, 35 cycles of 94°C for 30 sec, annealing (see 

column "Annealing") for 30 sec, and 72°C for 60 sec, followed by 72°C for 10 min. 

2 The above PCR settings were modified so during first 13 cycles the annealing temperature 

decreased gradually between the temperatures indicated in column "Annealing" and the 

remaining cycles were performed with the lowest annealing temperature. 
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3 The touch-down period lasted for the first 10 cycles. 

5. Genome BLAST of the sex markers 

Whole genome sequence of the common toad was recently published in the NCBI Genome 

database by the Wellcome Sanger Institute (assembly aBufBuf1.1). We performed genome blast 

with each of our 4 sex-linked loci to determine which chromosome they are located on. 

Nucleotide BLAST was performed using the Megablast algorithm on the NCBI website 

(https://blast.ncbi.nlm.nih.gov; word size: 16; without masking for low complexity regions). We 

downloaded the hit table for both the W and Z alleles of each locus and sorted the hits first by 

E-value and second by the percentage of identity. We accepted the best hit if its E-value was at 

least 5 orders of magnitude lower compared to the second best hit (the same threshold was used 

in Nemesházi et al., 2020). We also checked if the query cover contained the whole length of the 

known allele sequence (the latter ranged between 367 bp for the c16 Z allele and 477 bp for the 

c5 Z allele). 

Based on the NCBI genome blast, we could identify three out of the four sex markers (c2, c12 

and c16). The query cover was 100% in all of these cases and for each marker the best hit based 

on the Z allele was the same locus as the best hit based on the W allele. The percentage of identity 

was similar or higher for the Z sequences (98.5-99.5%) compared to the W sequences (87.6-

97.9%), indicating that the W chromosome might be missing from the available genome 

assembly. The genome-assembly information indicated that c12 was located on chromosome 5 

(accession LR991671.1; the c12 Z allele showing the overall highest, 99.5% identity), while c2 

and c16 were localized on two different, unplaced scaffolds (c2 on CAJIMN010001189.1 and 

c16 on CAJIMN010000039.1). The full sequence report available for the genome assembly (last 

updated on 2021.01.28) showed that the scaffold containing c16 is currently suggested to belong 

to chromosome 6, while there was no indication of the chromosome where the other scaffold 

might belong.  

Genome blast showed that highly similar sequences to locus c5 were present on several different 

chromosomes (including multiple locations on chromosome 5 and others) with 95.8-98.11% 

query cover: we found sequences with 98.7% identity with the Z allele and maximum 95.89% 

identity with the W allele. However, primer blast indicated that the c5 PCR primer pairs that we 

used for either sequencing or sexing would not likely amplify any of these loci (i.e. minimum 

three mismatches were present between one or both primers and their potential binding sites in 

case of each primer pair used). Indeed, the touch-down PCR protocol that we used for genetic 
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sexing (see Methods) resulted in a sex-linked product pattern suggesting that, although the 

location of c5 within the genome is unclear, the sexing primers amplified fragments from the sex 

chromosomes (but at least the female-specific fragments were surely amplified from the W 

chromosome, because these were detected only in females). 
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