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Zusammenfassung

Zusammenfassung
Die weltweit mehr als 7500 Amphibienarten sind durch anthropogene Ursachen wie
Habitatzerstörung, Krankheitsverbreitung, Klimawandel und Umweltverschmutzung in
ihrem Bestand bedroht. Einige der Ursachen sind kaum erforscht, so die
Verschmutzung aquatischer Ökosysteme durch endokrine Disruptoren (EDs),
Substanzen, die mit dem Hormonsystem interagieren. Ausgehend von neuen
molekularen Markern, welche die Ermittlung des genetischen Geschlechts erstmals
bei einigen Hyliden und Bufoniden erlauben, wurde in der vorliegenden Arbeit auf die
Wirkung

des

synthetischen

Östrogens

17 -Ethinylestradiol

(EE2)

und

des

Weichmachers Bisphenol A (BPA) fokussiert. Für drei Bufonidenarten wurde zunächst
die Geschlechtsgebundenheit von Mikrosatelliten getestet und ein XX/XY-System
nachgewiesen. Diese und bereits etablierte Marker wurden anschließend in ein neu
entwickeltes Versuchsdesign für ED-Studien integriert: Nach gleichzeitiger Aufzucht
von Modell- (Xenopus laevis) und Nicht-Modell-Arten (Hyla arborea, Bufo viridis) unter
EE2- bzw. BPA-Exposition wurde das genetische Geschlecht bestimmt und mit dem
anatomisch und histologisch ermittelten phänotypischen Geschlecht verglichen. Die
drei Anuren zeigten starke Empfindlichkeitsunterschiede gegenüber beiden EDs.
Umweltrelevante Konzentrationen beeinflussten die somatische Entwicklung und
führten zu artspezifischen Gonaden-Fehlbildungen. EE2 bewirkte zahlreiche partielle
und komplette Geschlechtsumwandlungen, mit stärkeren Effekten bei X. laevis. Diese
Arbeit zeigt somit, dass bereits niedrige EE2- und BPA-Konzentrationen zu starken
Schädigungen führen können und die Substanzen aufgrund ihrer erheblichen
aquatischen Präsenz als ernstzunehmende Faktoren der Amphibienkrise anzusehen
sind. Die Ermittlung des genetischen Geschlechts wird als wichtig eingestuft, um
verlässliche Aussagen über ED-Effekte zu treffen. Zudem sollten an der Modell-Art
X. laevis gewonnene Erkenntnisse nicht vorbehaltlos auf andere Amphibienarten
extrapoliert werden.

Schlagwörter: Xenopus laevis, Hyla arborea, Bufo viridis, endokrine Disruption,
17 -Ethinylestradiol,

Bisphenol

A,

genetische

Geschlechtsbestimmung,

Histopathologie, Feminisierung, Gonaden-Anomalien
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Summary

Summary
The more than 7500 known amphibian species are globally threatened, mainly due to
anthropogenic causes like habitat destruction, dispersing diseases, climate change
and environmental pollution. Some of the causes are barely investigated, e.g. the
pollution of aquatic ecosystems with endocrine disrupting compounds (EDCs),
substances that interfere with the hormone system. Based on new molecular markers,
for the first time allowing genetic sexing in some hylids and bufonids, this thesis
focused on the effects of the synthetic estrogen 17 -ethinylestradiol (EE2) and the
plasticizer bisphenol A (BPA). Initially, several microsatellite markers were tested for
sex-linkage in three bufonid species, and an XX/XY system could be revealed.
Subsequently, these and other established markers were integrated into a newly
developed experimental design for EDC-research: after simultaneous exposure of
model (Xenopus laevis) and non-model species (Hyla arborea, Bufo viridis) to EE2 or
BPA, metamorphs were genetically sexed. Anatomically and histologically determined
phenotypic sexes were directly compared with the genetic sex of each individual. The
three anurans showed striking differences in their susceptibilities in both EDCexperiments.

Environmentally

relevant

concentrations

affected

the

somatic

development and led to species-specific gonadal anomalies. In addition, EE2
provoked high numbers of mixed sex and completely sex-reversed individuals, with
more pronounced effects in X. laevis than in the two non-model species. This work
shows that low concentrations of EE2 and BPA lead to severe damages. Due to their
widespread presence in the aquatic environment, these substances might contribute
to the worldwide amphibian crisis. To produce reliable results in EDC-studies, genetic
sexing is considered important. Furthermore, findings gained with the model species
X. laevis should not unreservedly be extrapolated to other amphibian species.

Keywords: Xenopus laevis, Hyla arborea, Bufo viridis, endocrine disruption,
17 -ethinylestradiol, bisphenol A, genetic sexing, histopathology, feminization,
gonadal anomalies
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1. Introduction

1. Introduction
Nearly one third of the more than 7500 known amphibian species is threatened by
extinction and high numbers are dramatically declining (Stuart et al., 2004; Wake, 2012;
Dawson et al., 2016; www.amphibiaweb.org). Anthropogenic influences account for the
major causes and include climate change, habitat destruction, invasive species, infectious
diseases (e.g. chytridiomycosis and ranaviruses) and pollution (Daszak et al., 2000;
Davidson et al., 2001; Kiesecker et al., 2001; Carey and Alexander, 2003; Cushman, 2006;
Orton and Tyler, 2014). In recent years, increasing attention has been paid to the
environmental pollution of aquatic habitats by endocrine disrupting compounds (EDCs;
Diamanti-Kandarakis et al., 2009; Orton and Tyler, 2014). Due to their highly permeable
skin, and in most species water dependent reproduction and aquatic larval phase,
amphibians are especially endangered (Orton and Tyler, 2014). Many EDCs are able to
interfere with the sexual development of aquatic species by binding to the corresponding
hormone receptors (Crisp et al., 1998). In amphibians, these effects are difficult to study
since it is still very little known about their sex determination (see 1.3.). Due to the prevalent
sex chromosome homomorphy, in only very few amphibian species, sex chromosomes,
sex determination systems or sex-determining genes have been identified (Brelsford et al.,
2013). However, when testing the effects of EDCs on the sexual development, especially
EDCs with feminizing or masculinizing action, genetic sexing is highly recommended, but
difficult if mechanisms of sex determination and differentiation of experimental species are
not known. To address this problem, this thesis aimed at: 1) revealing the sex
chromosomes and sex chromosome systems in three European bufonid species by the
use of molecular markers, and 2) applying these markers to genetically sex metamorphs in
ecotoxicological experiments using the synthetic estrogen 17 -ethinylestradiol and the
plasticizer bisphenol A. In addition, the susceptibilities of the not well-studied non-model
species Hyla arborea and Bufo viridis were compared to those of the well-established
amphibian model-species Xenopus laevis to clarify whether long evolutionary distances
might account for vulnerability differences. To achieve these aims, the three species were
directly compared using a newly developed experimental design. A high-standard flowthrough-system ensured the same exposure conditions for every species, and state-of-theart histopathology was used to reveal gonadal impairments on the cellular level. For the first
time in EDC-research, non-model anurans were genetically sexed to reveal potential sex
reversals directly by comparing phenotypic and genetic sex of each individual.
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1.1. Endocrine disrupting compounds
Endocrine disrupting compounds are either natural substances (e.g. phytohormones),
or synthetically produced chemicals of human origin, comprising pharmaceuticals,
plasticizers and pesticides as e.g. fungicides or herbicides (Aris et al., 2014; Bhandari
et al., 2015). Due to increasing anthropogenic pollution, high amounts of EDCs are
found in terrestrial and aquatic ecosystems worldwide. Several EDCs have the ability
to bind certain hormone receptors (Diamanti-Kandarakis et al., 2009), thus either
mimicking, enhancing (as agonist) or inhibiting (as antagonist) the action of natural
endogenous hormones. Accordingly, EDCs are able to interact with hormone
biosynthesis, metabolism and excretion in exposed animals (Crisp et al., 1998; Flint et
al., 2012), and numerous impairments of behavior, development and reproduction
have been shown in many different species (Kortenkamp et al., 2011; Orton and Tyler,
2014). In vertebrates, three important endocrine axes exist: the hypothalamuspituitary-gonad (HPG) axis, the hypothalamic-pituitary-adrenal (HPA) axis and the
hypothalamic-pituitary-thyroid (HPT) axis (Kortenkamp et al., 2011). Since EDCs often
act as (anti)estrogens or (anti)androgens, they especially interfere with the HPG axis,
which is mainly responsible for a normal sexual development. Disruption of the
reproductive function resulting from EDC-exposure has been shown in a wide range of
vertebrate species, including mammals, birds, reptiles, fish and amphibians
(Kortenkamp et al., 2011; Aris et al., 2014; Orton and Tyler, 2014; Bhandari et al.,
2015; Canesi and Fabbri, 2015).
Aquatic ecosystems are a major sink for EDCs. Due to wash-out of agricultural land
use and livestock breeding, private and industrial refuse and wastewater, as well as
the increasing use of pharmaceuticals in humans and cattle, high amounts of EDCs
are found in the aquatic environment (Orton and Tyler, 2014; Bhandari et al., 2015).
Often, sewage treatment plants are not capable to sufficiently eliminate EDCs from
wastewater, consequently leading to a continuous input and accumulation of EDCs in
lakes and rivers (Jobling et al., 1998; Belfroid et al., 1999; Aris et al., 2014). More than
800 chemicals are known or suspected to interfere with hormone receptors and
hormone synthesis (Bergman et al., 2013). Two of the major hormonal pollutants
detectable in aquatic ecosystems are the synthetic estrogen 17 -ethinylestradiol
(EE2) and the plasticizer bisphenol A (BPA). For both of these mainly estrogenic
acting substances, severe damages of organisms have been shown.
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1.1.1. Estrogenic endocrine disrupting compounds
In vertebrates, estrogens have very diverse functions but are especially important in
sex determination, sexual differentiation and sexual development (Tyler et al., 1998).
The main natural estrogens are estrone (E1), 17 -estradiol (E2) and estriol (E3).
These steroid hormones are lipophilic and act by binding to estrogen receptors (ERs),
located in many tissues, as brain, pituitary and gonads (Tyler et al., 1998; DiamantiKandarakis et al., 2009). By competitively binding to ERs, xenoestrogenic chemicals
block the binding site and might either lead to an enhancement or an inhibition of the
endocrine pathway responsible for the sexual development (Diamanti-Kandarakis et
al., 2009; Orton and Tyler, 2014). In general, xenosteroids mostly have a weaker
affinity than the natural hormones but some EDCs (e.g. EE2) have a much higher
affinity to the ER (Tyler et al., 1998).
A very sensitive endpoint in EDC-studies testing estrogenic substances is the
occurrence of partial or complete sex reversals. Partial sex reversal is defined by the
development of opposite sex tissues (ovarian and testicular cell types) in gonads of an
individual, and several terms for this phenomenon exist: hermaphroditism, mixed sex,
intersex, ovotestes or testicular oocytes (see Hecker et al., 2006 for terminology
overview). A complete sex reversal comprises either a genetic-male-to-phenotypicfemale reversal (induced by feminizing EDCs) or a genetic-female-to-phenotypic-male
reversal (induced by masculinizing EDCs). Estrogenic acting substances as EE2 or
BPA were shown to be able of provoking partial and complete feminization in
amphibians (see 1.1.2. and 1.1.3.). Because the early, undifferentiated gonad is
bipotential and can still form either ovary or testis (Haczkiewicz and Ogielska, 2013),
EDCs are capable of suppressing the genetic control and driving the phenotypic
development in one or the either direction.

1.1.2. Ethinylestradiol and its effect on anurans
The synthetically stabilized estrogen 17 -ethinylestradiol is a derivative from the
natural hormone estradiol. It is a component of many oral contraceptives and exhibits
a high estrogenic potency (Arcand-Hoy et al., 1998; Tyler et al., 1998; Thorpe et al.,
2003). Due to excretion by women and insufficient elimination by sewage treatment
plants, EE2 is a globally relevant aquatic pollutant, detected widespread in surface
6
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waters (Aris et al., 2014). In European rivers and lakes, EE2 is mostly observed in the
low nanogram per liter range (< 0.2 to 6 ng/L; Liebig et al., 2006; Bhandari et al.,
2015), but also higher concentrations are found (24 to 34 ng/L; Pojana et al., 2007;
Lima et al., 2014). In Asia and the United States, streams in the neighborhood of
intense urbanization or livestock production can contain EE2 in concentrations from
24 to 831 ng/L (Kolpin et al., 2002; Zhou et al., 2011). Numerous studies testing these
environmentally detectable concentrations in anurans exist and severe impacts on the
somatic and sexual development were shown. However, since EE2 counts to the
xenoestrogens, it is mainly in the focus of experiments investigating effects on
reproduction, including mating behavior, development and differentiation of sexual
organs, sex ratios or expression of genes involved in sexual development and
hormone synthesis.

1.1.2.1. Effects of ethinylestradiol on the sexual development of the
model genus Xenopus
Most studies examining the effects of EDCs in amphibians have used the African
clawed frog Xenopus laevis or the Western clawed frog X. tropicalis. Both species are
well-established model organisms (Kloas, 2002; Fort et al., 2004) and target species
in numerous ecotoxicological studies, including those using estrogens such as EE2.
Concentrations as low as 0.3 ng/L EE2 were sufficient to alter calling behavior and
mating success in adult male X. laevis (Hoffmann and Kloas, 2012). Urbatzka et al.
(2006) reported effects of EE2 on mRNA expression/protein synthesis in X. laevis, i.e.
affected the hypophyseal gonadotropin expression, namely by a decrease of
luteinizing hormone (LH) mRNA transcripts, a hormone which plays a central role in
the gonadal development in vertebrates (Thornton and Geschwind, 1974).
Additionally, a depression of endogenous testosterone (T) and E2 levels (Urbatzka et
al., 2007), as well as increased mRNA expression of vitellogenin (VTG), the female
egg yolk precursor protein, was induced by EE2 in X. laevis (Mitsui et al., 2007;
Tompsett et al., 2012; Hoffmann and Kloas, 2012; Tompsett et al., 2015) and in
X. tropicalis (Säfholm et al., 2015). Also an increase of expression of genes involved
in steroid signaling and metabolism were observed in X. laevis, e.g. those for
androgen and estrogen receptors (Tompsett et al., 2015) and aromatase, a key
enzyme for vertebrate reproduction, catalyzing the conversion of androgens to
estrogens (Massari et al., 2010). In addition to effects on behavior and mRNA
7
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expression patterns, EE2-exposure of X. laevis has led to alterations of gonadal gross
morphology and tissue differentiation. Mostly, effects are reported in males, and
testicular abnormalities include diffuse shapes, internal cavities, the absence of
spermatocysts (Tompsett et al., 2012), “spermatogenic nest breakdown”, interlobular
wall thickening and shortened testis length (Cevasco et al., 2008). Further examples
for gonadal malformations induced by EE2 exist from studies exposing X. tropicalis,
where a reduced amount of spermatozoa and infertility in males (Berg et al., 2009),
and sterility in females due to lacking oviducts were observed (Pettersson et al., 2006;
Gyllenhammar et al., 2009). In addition to these findings, EE2-affected gonads
sometimes showed signs of feminization, e.g. the development of mixed sex tissues
or phenotypically completely sex-reversed (genetic) males having developed ovaries
instead of testes. In X. tropicalis, skewed sex ratios due to EE2-treatment have been
shown several times, although with different outcomes: 70-100% of females occurred
in test tanks, although concentrations applied strongly differed (between 1.8 ng/L and
30 µg/L), and sometimes a lower treatment resulted in higher amounts of females
(Pettersson et al., 2006; Gyllenhammar, 2008; Berg et al., 2009; Gyllenhammar et al.,
2009; Säfholm et al., 2015). Similarly EE2-treated X. laevis showed either slight signs
of hermaphroditism, with only small numbers of oocytes scattered among the
testicular tissue (Cevasco et al., 2008), or high percentages of mixed sex individuals
but few sex reversals (Tompsett et al., 2012), or nearly completely feminized study
populations (Kloas, 2002). Contradictory results about the feminizing potential of EE2
might be attributable to differences in study design and methods applied. Especially
the lack of genetic sexing in most studies might contribute to these different outcomes,
as percentages of sex reversals had to be guessed by deviations from the assumed
initial 1:1 sex ratio.

1.1.2.2. Effects of ethinylestradiol on the sexual development of nonmodel anurans
EDC-experiments using other than models from the genus Xenopus are mostly
exposing species belonging to the Ranidae, but in general, few studies with nonmodel anurans exist. No behavioral alterations in non-model taxa due to EE2treatment are documented, but some studies addressed the effect on endogenous
hormone levels and mRNA expression patterns. As shown for the model species
X. laevis and X. tropicalis, EE2 significantly reduced the whole-body testosterone and
8
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estradiol levels in common frogs (Rana temporaria; Brande-Lavridsen et al., 2008). An
increase of the egg yolk protein VTG after EE2-exposure was shown in wood frogs
(R. sylvatica/Lithobates sylvaticus; Mackenzie et al., 2003; Tompsett et al., 2013),
common frogs (Rankouhi et al., 2005; Brande-Lavridsen et al., 2008), and leopard
frogs (R. pipiens; Mackenzie et al., 2003). Additionally, the latter study observed EE2dependent alterations in gonad differentiation, namely impaired testicular tubule
morphology (enlarged lumen in seminiferous tubules) in R. pipiens and R. sylvatica.
Vu et al. (2015) observed oocytes with significantly advanced atresia and diminished
diameters in wood frogs after EE2-exposure. Up to 12.5% of mixed sex individuals
were found in R. septentrionalis after EE2-treatment (Park and Kidd, 2005). The
occurrence of partial or full sex reversal and skewed sex ratios due to EE2 in Rana is
reported likewise from several other studies (Mackenzie et al., 2003; Pettersson and
Berg, 2007; Gyllenhammar, 2008; Hogan et al., 2008; Tompsett et al., 2013). EDCexperiments addressing the two other big anuran taxa Hylidae and Bufonidae are very
scarce and the few available ones concentrate on agricultural chemicals including the
herbicide atrazine (McCoy et al., 2008; Storrs-Méndez and Semlitsch, 2010; Orton
and Routledge, 2011; Orton et al., 2014), or on E2 (Sánchez and Riera, 1977; Petrini
and Zaccanti, 1998; Storrs and Semlitsch, 2008; Storrs-Méndez and Semlitsch, 2010;
Piprek et al., 2012). No EE2-experiments with European hylids or bufonids exist,
neither investigating effects on the somatic, nor on the sexual development.

1.1.3. Bisphenol A and its effect on anurans
With more than two million tons per year, BPA is one of the mostly produced
chemicals worldwide (Burridge, 2003; Bhandari et al., 2015). The plasticizer is used
for the production of polycarbonate plastics and epoxy resins, and is thus found in a
variety of consumer products, including water pipes, medical equipment, toys,
electronics (Kang et al., 2007; Vandenberg et al., 2007; Bhandari et al., 2015) and
food/beverage containers (Kang and Kondo, 2002; Wong et al., 2005; Rowell et al.,
2016). In the last decades, BPA has received enormous attention from scientists,
politicians and the public, because it became one of the major ambient pollutants and
also presents a risk for human health (Braun et al., 2009, 2011; Bhandari et al., 2015;
Canesi and Fabbri, 2015). The major source of environmental BPA is the increasing
man-made plastic waste as well as industrial and municipal wastewater effluents
(Crain et al., 2007; Flint et al., 2012). BPA is found ubiquitously in the aquatic
9
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environment and has been detected at concentrations between ≤ 0.32 and 21 µg/L in
European and US rivers, lakes and groundwater, and with up to 17 mg/L in Japanese
landfill leachates (Rudel et al., 1998; Bolz et al., 2001; Kuch and Ballschmiter, 2001;
Belfroid et al., 2002; Kolpin et al., 2002; Kawagoshi et al., 2003; Flint et al., 2012).
BPA is a nonsteroidal xenoestrogen (although some studies also reported
masculinizing effects, e.g. in rats, see paper 4 and 7.3.) and able to impair the normal
endocrine control by binding several hormone receptors (Watson et al., 2011; Flint et
al., 2012; Vandenberg et al., 2013), although with a lower affinity than natural
estrogens (Routledge and Sumpter, 1996). Since anxiety for human exposure to BPA
is increasing, numerous studies concentrate on its effect on mammals (and fish), and
studies on other animal taxa are less prevalent. As earlier presented for EE2, also
BPA-studies addressing amphibians are mostly using Xenopus or Rana species.
However, most of these surveys investigated the impact on the somatic development
and knowledge about impairments of the sexual development, especially in non-model
anurans, remains poor.

1.1.3.1. Effects of bisphenol A on the sexual development of the
model genus Xenopus
Several effects of BPA have been shown regarding the somatic development of
Xenopus (malformations of internal or external organs, affected morphometrics and
metamorphosis rate; Iwamuro et al., 2003; Oka et al., 2003; Sone et al., 2004;
Kashiwagi et al., 2008), but only few studies about BPA-effects on the sexual
development are available. Impairments of the sexual behavior in X. laevis have not
been reported. One exemplary study investigating behavioral responses to BPA in
X. tropicalis did not observe any effect (Miranda, 2013). However, BPA was shown to
induce the synthesis of VTG in the liver of X. laevis (Kloas et al., 1999; Levy et al.,
2004; Mitsui et al., 2007) and to up-regulate ER mRNA expression (Levy et al., 2004).
Remarkable changes in gonadal morphology, such as cavities in testicular tissues of
male X. laevis, were shown by Jagnytsch et al. (2005), but contrastingly, no gonadal
alterations were detected in other studies (Kloas et al., 1999; Pickford et al., 2003;
Levy et al., 2004). Miranda (2013), exposing X. tropicalis, showed that some of the
males developed oviducts due to BPA-treatment, a sign of partial feminization. Other
feminizing effects of BPA are rarely reported. Very few mixed sex individuals and only
slightly skewed sex ratios were found in X. laevis, with approximately 62% to 70% of
10
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females (Kloas et al., 1999; Levy et al., 2004), but without genetic sexing of exposed
individuals. Pickford et al. (2003) reported that under a broad range of concentrations
(0.83 to 497 µg/L BPA), no effects in X. laevis were observed at all, although
addressing several endpoints.
However, numerous studies on fish have shown that BPA-exposure is indeed able to
affect behavior, VTG production, endogenous E2 and T levels, gene expression
related to sex steroid signaling, gonadal development and sex ratios in different
species (Lee et al., 2006; Crain et al., 2007; Flint et al., 2012; Ward and Blum, 2012;
Zhang et al., 2016). In general, most of the BPA-studies conducted so far (regardless
if on amphibians, fish or mammals) used very high and environmentally mostly not
relevant concentrations, while only few studies applied BPA in a pollution relevant
manner.

1.1.3.2. Effects of bisphenol A on the sexual development of nonmodel anurans
To date, no study has assessed the effects of BPA on behaviors in non-model
amphibians, but some surveys on mRNA expression exist. An up-regulation of ER
mRNA was shown by Bai et al. (2011) in R. chensinensis. Increased VTG mRNA
expression patterns are reported from the same study (Bai et al., 2011), and from
BPA-exposed Bombina orientalis (Gye and Kim, 2005). BPA was also capable of
reducing aromatase activity to one third of its normal efficiency, but without having an
impact on mRNA levels (Lee et al., 2010). In R. nigromaculata, BPA was responsible
for reduced endogenous T levels (Yang et al., 2005). Only one BPA-study from
bufonids exists: Rhinella arenarum was exposed to very high concentrations (mg/L),
but only severe damages of the somatic development are reported (Wolkowicz et al.,
2014). BPA-experiments exposing non-model anurans are very scarce and nothing is
known regarding intersex conditions, sex reversals and gonadal alterations.

1.2. Genetic sexing of amphibians for EDC-studies
Especially when assessing the sex reversing potential of an EDC, it is necessary to
determine the genetic sex of exposed individuals. Due to coincidentally skewed sex
ratios at the beginning of an experiment, conclusions on a treatment-dependency
11
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might result in a false positive or false negative outcome if animals are exclusively
phenotypically sexed. Real sex reversals, with opposed genetic and phenotypic sexes
in an individual, can only be revealed by a direct comparison. However, genetic sexing
of amphibians is still not possible in most species. Due to the prevalence of
homomorphic sex chromosomes (see 1.3.2.), karyotyping (the easiest way to
determine the genetic sex of an individual) is mostly not helpful. Only in few amphibian
taxa, sex chromosomes have been identified, allowing the development of molecular
sexing methods. Accordingly, results from previous EDC-studies estimating sex
reversals without information on genetic sex have to be evaluated with caution. So far,
genetic sexing was only applied in EDC-experiments using the model Xenopus
(Olmstead et al., 2010; Tompsett et al., 2012, 2015). Although molecular sex markers
have become available for some non-model anurans (Arens et al., 2000; BersetBrändli et al., 2006, 2008; Stöck et al., 2011a), they have not been used in EDCexperiments. Microsatellite markers are a useful type of molecular markers, because
they have a high mutation rate and thus potentially variable alleles in different
individuals of genetic families and/or populations of a certain species (Schlötterer et
al., 1998). These features make microsatellite markers to perfect tools for
investigations on sex-linkage and inheritance patterns. To allow the development of
further molecular markers applicable in ecotoxicological studies, additional sex
determination systems, sex chromosomes and/or sex-linked genes should be
uncovered in many more amphibian species.

1.3. Sex determination in vertebrates
In vertebrates, normally two distinct sexes exist: males and females (gonochorism).
Two processes lead to their development, namely sex determination and sex
differentiation. Sex determination is defined as “the process of choosing either the
male or the female sexual differentiation pathway” (Goodfellow and Lovell-Badge,
1993). Two different sex determination systems exist in vertebrates, the genetically
controlled one (Genetic Sex Determination = GSD) and the one controlled by
environmental factors (Environmental Sex Determination = ESD; Bachtrog et al.,
2014). In mammals, birds and amphibians, GSD determines the sex, while in fish and
reptiles both systems can be found, meaning that genotype and external factors
(mostly temperature) interact with each other (Quinn et al., 2011). All GSD controlled
vertebrate taxa exhibit sex chromosomes, being responsible for the genotype of an
12
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individual (Crews, 1993). Two sex chromosome systems exist, namely the XX/XY and
the ZZ/ZW system (Eggert, 2004; Roco et al., 2015). The former is found in all
mammals while the latter is found in all birds. For fish, reptiles and amphibians both
systems are reported (Bachtrog et al., 2014). In the XX/XY system, males are the
heterogametic sex, having the two different sex chromosomes X and Y, while females
are homogametic, with two copies of the same chromosome (X and X). In the ZZ/ZW
system it is the other way around: here the females are heterogametic, producing two
different types of gametes, and the males are the homogametic sex (Bergero and
Charlesworth, 2009). There is one major difference between the sex chromosomes of
mammals, birds and poikilothermic vertebrate taxa. In mammals and birds
(independent from the sex chromosome system) exclusively heteromorphic sex
chromosomes are found, i.e. the two chromosomes in the heterogametic sex (X and Y
in male mammals, and Z and W in female birds) have different morphologies (Bergero
and Charlesworth, 2009). The recombination between the two homologous sex
chromosomes, which takes place during meiosis, is suppressed over large regions in
the heterogametic sex and restricted to a small, so-called pseudoautosomal region.
Consequently, an accumulation of deleterious mutations is enabled, and over the
millions of years the Y and W chromosomes decay, leading to their heteromorphy
(Berset-Brändli et al., 2007; Bergero and Charlesworth, 2009). In contrast, in
poikilothermic vertebrates (fish, reptiles and amphibians), many species exhibit
homomorphic sex chromosomes (see 1.3.2.), making it impossible to morphologically
distinguish X from Y, and Z from W (Schmid and Steinlein, 2001; Sarre et al., 2011;
Stöck et al., 2013a). Hence, sex chromosomes and sex determination systems in
these taxa are often not known and consequently, information on sex-determining
genes is also lacking. So far, only four master sex-determining genes were identified
in vertebrates: the testis-determining gene SRY in mammals (Sinclair et al., 1990),
Dmy/Dmrt1bY in medaka (Matsuda et al., 2002), DM-W in Xenopus laevis (Yoshimoto
et al., 2008) and DMRT1 in chicken (Smith et al., 2009). Although DMRT1 (or its
orthologs) has been found in several animal taxa, it is not always located on the sex
chromosomes, but nevertheless has been shown to play an important role in
vertebrate and invertebrate sex determination (Raymond et al., 1998; Bewick et al.,
2010; Brelsford et al., 2013).
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1.3.1. Sex determination in amphibians
The sex determination in amphibians is still poorly understood and for most species,
no information on sex chromosomes, sex chromosome systems or especially on sexdetermining genes is available. All amphibians investigated so far show GSD (Schmid
and Steinlein, 2001; Berset-Brändli et al., 2006; Nakamura, 2009), but environmental
factors as temperature or EDCs might influence the development of the phenotypic
sex (Wallace et al., 1999; Kloas et al., 2009). Evidence for XX/XY as well as ZZ/ZW
systems exists in amphibians, and most information on the sex-determining
mechanisms is available for Xenopus species. The tetraploid clawed frog X. laevis
exhibits a ZZ/ZW system (Chang and Witschi, 1955) and linkage group/chromosome
3 represents the sex chromosome (Uno et al., 2013). Additionally, X. laevis is the only
amphibian, in which the sex-determining master gene is known: DM-W, located on the
female W chromosome, and useable for genetic sexing (Yoshimoto et al., 2008). The
diploid X. tropicalis has a fully sequenced genome (Hellsten et al., 2010), and its sex
chromosome has been revealed to be linkage group/chromosome 7 (Olmstead et al.,
2010; Wells et al., 2011; Bewick et al., 2013). Nevertheless, the sex-determining
master gene has not been found and no marker for genetic sexing is available so far
(Säfholm et al., 2016). Very recently, the coexistence of Y, W, and Z sex
chromosomes has been revealed in this species, with YZ, YW, and ZZ males and ZW
and WW females (Roco et al., 2015). This new finding indicates that X. tropicalis
might be a difficult model species for EDC-studies, as some sex chromosome
combinations produce offspring with naturally skewed sex ratios.
In some ranids (Nishioka et al., 1993, 1994; Miura et al., 1998; Miura, 2008; Uno et
al., 2008a), hylids (Brelsford et al., 2013; Stöck et al., 2011b, 2013a) and bufonids
(Ponse, 1941; Changxiang et al., 1983; Chongxin and Kegang, 1984; Siripiyasing et
al., 2008; Abramyan et al., 2009; Stöck et al., 2011a), several examples for male or
female heterogamety exist, and in some species also the sex chromosomes have
been detected. Switches in sex chromosome systems and non-homologous sex
chromosomes have been found even in closely related representative species of
these taxa, and both have been shown to be very variable, apparently not following
any phylogenetic or taxonomic rule (Schartl, 2004). Although some sex-linked genes
and molecular markers were found in ranids, bufonids and hylids, no master sex
determination gene has been identified in any of these taxa.
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Astonishing results were recently obtained in R. temporaria: it has been suggested
that sex determination is not genetically controlled, since no correlation between
parental genotype and phenotypic sex of the offspring was found (Rodrigues et al.,
2013, 2015; Brelsford et al., 2016a). The probability is high that sex in this species is
determined neither genetically (by GSD) nor environmentally (by ESD), and that other
epigenetic effects might play a role (Brelsford et al., 2016a). To clarify and identify
mechanisms of sex determination in amphibians, many more species have to be
investigated and more information about their sex chromosomes is needed.

1.3.2. Sex chromosome homomorphy in amphibians
Independently from exhibiting either an XX/XY or a ZZ/ZW system, in 96% of all
studied amphibian species, sex chromosomes are homomorphic (Smith and Voss,
2009), hindering their identification and thus investigation. As in mammals,
recombination between the sex chromosomes is also in amphibians mostly
suppressed in the heterogametic sex. However, the Y and W chromosomes are not
distinguishable from their homologous partners and do not seem to undergo an
evolutionary decay (Schmid and Steinlein, 2001). Two major hypotheses exist, trying
to explain this phenomenon. The “high-turnover-hypothesis” assumes that regularly
appearing mutations lead to the evolution of new master sex-determining genes on an
autosome, which than takes over the role as a sex chromosome. Thus the identity of
sex chromosomes changes every now and then, and the old ones have no time to
evolve a non-recombining region and decay (Schartl, 2004; Sarre et al., 2011; Stöck
et al., 2013a). Indeed, some sex chromosome turnovers have been proven in ranids
(Hotz et al., 1997; Miura, 2008), hylids (Dufresnes et al., 2015), and bufonids (Malone
and Fontenot, 2008; Stöck et al., 2011a, 2013b). The second model, the “fountain-ofyouth-hypothesis”, states that sex chromosomes stay homomorphic due to occasional
recombination events in naturally occurring sex-reversed XY females, because
recombination patterns depend on phenotypic and not on genotypic sex (Perrin, 2009;
Matsuba et al., 2010). As a matter of fact, sex reversals occasionally happen in lower
vertebrates (Wallace et al., 1999; Perrin, 2009) and are expected to be mediated,
among other probable reasons (e.g. EDCs in the last decades), by the temperature
dependence of aromatase, which transforms testosterone into estradiol (D’cotta et al.,
2001; Perrin, 2009). The “fountain-of-youth-hypothesis” is as well supported by
examples from ranids (Alho et al., 2008, 2010; Matsuba et al., 2010), hylids (Stöck et
15
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al., 2011b, 2013a; Guerrero et al., 2012; Dufresnes et al., 2015), and bufonids (Stöck
et al., 2013b).
As demonstrated, both hypotheses trying to explain the sex chromosome
homomorphy in amphibians find support in several anuran taxa. So far, it is not known
which conditions have to be fulfilled for the occurrence of one or the either model and
it has been stated that both hypotheses are not mutually exclusive (Stöck et al.,
2013b). However, also heteromorphic sex chromosomes exist in some amphibians
(approximately in 4% of investigated species), but are not restricted to certain taxa. In
some species, as e.g. in R. temporaria, two types of XY males have been observed:
some males display heteromorphic sex chromosomes, with a differentiated
Y chromosome, but in other populations, male sex chromosomes are morphologically
not distinguishable from those of females (Brelsford et al., 2016a). This underlines the
high variability in amphibian sex determination and shows that there is no common
rule for the distribution of sex chromosomes and corresponding systems across
anuran taxa.

1.4. The study species Xenopus laevis, Hyla arborea and Bufo viridis
The Pipidae, to which the genus Xenopus belongs, diverged from the Bufonidae and
Hylidae approximately 206 million years ago (www.timetree.org). Thus, the taxa
exhibit notable differences in their genome size and gene composition (Helbing,
2012), larval and adult ecology as well as in habitat preferences, feeding behavior,
sex determination systems and gonadal development. It is unknown whether these
differences (naturally occurring between highly diverged taxa) might account for
variation in susceptibilities to EDCs.

1.4.1. The African clawed frog Xenopus laevis
Xenopus laevis is a limnic, throughout its whole life aquatic frog species, native to
dark streams and turbid ponds in sub-Saharan Africa, from Nigeria and Sudan down
to South Africa (Tinsley and Kobel, 1996; Channing, 2001). It is an insensitive species
regarding the environmental water conditions, surviving a temperature range between
2°C and 35°C, a pH range from 5 to 9, and can stand up to 40% saltwater. While
tadpoles are filter feeders (suspended algae), adults are carnivores and can reach an
16
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age of 20 years (Tinsley and Kobel, 1996). Xenopus laevis shows female
heterogamety with a ZZ/ZW chromosome system (Chang and Witschi, 1955), and is
tetraploid, exhibiting four copies of each chromosome. The sex chromosomes (linkage
group/chromosome 3) as well as the female sex determiner gene (DM-W) have been
identified (Yoshimoto et al., 2008; Uno et al., 2013). Due to the known location of
DM-W on the female W chromosome, genetic sexing has become possible.
Additionally, clawed frogs exhibit a normal/basic gonadogenesis, where gonads
develop during the larval development and are normally differentiated when
metamorphosis climax is reached (Ogielska and Kotusz, 2004).

1.4.2. The European tree frog Hyla arborea
Hyla arborea inhabits most of Europe, northwest Africa and temperate Asia, and can
be found in a wide range of dry and humid habitats, as lakeshores, marshlands,
grassland, reed beds, parks, gardens and forests. The species prefers well-illuminated
habitats and is able to tolerate long periods of dryness and cold (Haltenorth, 1979;
Stöck et al., 2008, 2012; www.amphibiaweb.org). As tadpoles, they feed on surface
particles or rasp organic material from plants, stones or sediments of inhabited rivers
or lakes. Adults are insectivorous and can reach an age of 15 years (Haltenorth,
1979). According to the IUCN Red List of Endangered Species (www.iucnredlist.org),
H. arborea has the status “least concern”, but nevertheless, populations are
decreasing. European tree frogs show a male heterogametic system with XX/XY
chromosomes (Berset-Brändli et al., 2006; Stöck et al., 2011b), and a normal/basic
gonadogenesis with finished gonadal development at metamorphosis or shortly after
(Ogielska and Kotusz, 2004). The sex chromosome of H. arborea is known to be
linkage group/chromosome 1 (Brelsford et al., 2013, 2016b) and some diagnostic sexlinked microsatellite markers have been developed to genetically sex individuals
(Arens et al., 2000; Berset-Brändli et al., 2008).

1.4.3. The European green toad Bufo viridis
The European green toad is a member of the Bufo viridis subgroup (Palearctic green
toads), a monophyletic radiation of at least 12 major mitochondrial DNA haplotype
groups (Stöck et al., 2006; Betto-Colliard et al., 2015). B. viridis inhabits most
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European countries (including the Mediterranean islands), central Asia and North
Africa (Stöck et al., 2001, 2006; Castellano et al., 2002). Bufo viridis prefers warm and
sunny places, and is very tolerant to heat and dryness. The species is found in dry
forests, steppes, mountainous areas, (semi)deserts, but also in wetlands and urban
areas. Tadpoles feed on algae and detritus, while adults are mainly insectivorous.
Green toads can reach an age of 7-10 years (www.amphibiaweb.org). According to
the IUCN Red List of Endangered Species (www.iucnredlist.org), also B. viridis
populations are decreasing with the status “least concern”. European green toads
show a retarded differentiation of gonads (around metamorphosis or up to several
weeks later) and the Bidder’s organ, an ovarian-like structure at the cranial end of
ovaries and testes in all female and male bufonids (Ogielska and Kotusz, 2004; Piprek
et al., 2014). Although the sex chromosomes and sex determination system have
been shown for several diploid species of Palearctic green toads (Stöck et al., 2011a,
2013b), it has not been determined whether the European green toad (B. viridis), the
Italian green toad (B. balearicus) and the Eastern green toad (B. variabilis) exhibit an
XX/XY or a ZZ/ZW system, and the sex chromosomes have not been identified.
Additionally, no markers for genetic sexing of these species exist so far.
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2. Aims of thesis
Firstly, this thesis aimed at shedding light on the sex determination in three diploid
species of Palearctic green toads by:
o identifying sex chromosomes and sex chromosome systems in B. viridis,
B. variabilis and B. balearicus by application of microsatellite markers known
from related species.
Secondly and mainly, this thesis had the objectives to:
o apply molecular markers for the first time in non-model anurans to genetically
sex exposed individuals,
o evaluate the feminizing potential of environmentally relevant concentrations of
the hormonal pollutants EE2 and BPA by a comparison of genetic and
phenotypic sex for each individual,
o assess the risk of EE2 and BPA for the first time on the European non-model
anurans Hyla arborea and Bufo viridis,
o compare the susceptibilities of these non-model species to those of the wellinvestigated model amphibian Xenopus laevis in a direct experimental
approach,
o identify whether results of previous EDC-studies using model anurans can be
extrapolated to other, highly diverged anuran taxa.
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3. Hypotheses
First, because several microsatellite markers are known to be sex-linked in members
of the Palearctic green toads (Bufo viridis subgroup), it can be assumed that these
markers will cross-amplify in the closely related B. viridis (the focal bufonid for the
EDC-experiments), B. variabilis and B. balearicus. Furthermore, due to highly
conserved synteny of karyotypes and homology of sex chromosomes in green toads,
B. viridis, B. variabilis and B. balearicus might also exhibit an XX/XY system and have
evolved chromosome pair 1 as their sex chromosomes.
Second, the sex-linked molecular markers applied in both EDC-experiments will be
helpful tools to determine genetic sex ratios of exposed animals and, by comparing
genetic and phenotypic sex of each experimental anuran, will reveal exact numbers of
potential sex reversals provoked by EE2 and/or BPA.
Third, both EDCs are suspected to provoke specific alterations, with presumably
stronger feminizing effects caused by EE2, as its estrogenic potential appears higher
than that of BPA. Complete sex reversals are assumed to occur under EE2-exposure,
as formerly shown in other amphibian and fish species, while for BPA lower numbers
or even lacking sex reversals are expected. In addition, the long divergence times
between X. laevis, H. arborea and B. viridis, leading to differences in their ecology,
feeding behavior, sexual development and gonadal differentiation, might result in
diverse responses to EDCs between species. Only synchronized exposure will be
able to reveal inter-species differences of model and non-model anurans in EDCstudies.
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4. Methodological approach
In the first part of this thesis, several microsatellite markers, known to be sex-linked in
some members of the Bufo viridis subgroup, were adapted to B. viridis, B. variabilis
and

B.

balearicus

by

cross-amplifying

polymerase

chain

reaction

(PCR).

Subsequently, these markers were applied to genetically sex individuals of numerous
genetic green toad families (parents and their offspring) of each of the three species,
and analysis of inheritance patterns of marker alleles was used to reveal sex
chromosomes and sex chromosome systems.
In the second part, a high-standard flow-through-system was used to simultaneously
expose tadpoles (from hatching until metamorphosis) of X. laevis, H. arborea and
B. viridis, thus guaranteeing identical experimental conditions for all individuals. Gross
morphological (anatomical) and histological investigations of gonads were used to
establish phenotypic sexes and to detect gonadal anomalies, especially mixed sex
gonads. Genetic sexing was achieved by applying molecular markers and genotyping
individuals (existing markers for X. laevis and H. arborea, new ones from the first part
for B. viridis). Sexes were directly compared for each individual to determine
phenotypic sex reversals. Additional gross morphological investigations of external
and internal organs were used to identify potential impairments of the somatic
development. Statistic evaluations were conducted to detect intra- and inter-species
susceptibility differences, as well as differing responses between males and females
within each species.
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Supplementary Information 1:
Population genetics analyses, using 12 autosomal microsatellites; bar
plots from the Bayesian program STRUCTURE (Pritchard et al. 2000)
under K = 2.
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Above: Secondary contact of Bufo viridis (green) and B. variabilis (blue) on
the Balkan Peninsula (our still unpublished data); arrows show the
populations from which genetic families from the hybrid zone were obtained.
Below: Secondary contact of Bufo viridis (red) and B. balearicus (green) on
the Po Plain; arrows shows the population from which the genetic family of
B. balearicus was obtained (most data from Dufresnes et al. 2014).

1

References:
Dufresnes C, Bonato L, Novarini N, Betto-Colliard C, Perrin N, Stöck M:
Inferring the degree of incipient speciation in secondary contact zones of
closely related lineages of Palearctic green toads (Bufo viridis subgroup).
Heredity 113: 9–20 (2014).
Pritchard JK, Stephens M, Donnelly P: Inference of population structure using
multilocus genotype data. Genetics 155: 945–959 (2000).

35

1

Supplementary Information Paper 1

Supplementary Information S2:
Transmission of sex-linked microsatellites C201, C223, D214 of all green
toad families. Colour codes: Filled cells = unequivocal assignment (light blue = paternal
Y chromosome, dark blue = paternal X chromosome, light pink = maternal X1
chromosome, dark pink = maternal X2 chromosome). Coloured numbers in white cells =
not unequivocally assignable but attributable due to allele combinations resulting from
inheritance patterns (colours as above). Black numbers in white cells = assignment
impossible due to homomorphic parental alleles. nd = not determined.
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B. viridis GRI
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B. viridis Bv Thrapsano
Mother unknown
110
Father unknown
114
Bv_Thrapsano_15.1
114
Bv_Thrapsano_15.3
114
114
Bv_Thrapsano_15.4
Bv_Thrapsano_15.6
114
Bv_Thrapsano_15.7
114
Bv_Thrapsano_15.8
114
Bv_Thrapsano_15.15
114
Bv_Thrapsano_15.5
114
Bv_Thrapsano_15.14
114

122
114
110
110
122
122
122
122
122
110
110

172
172
172
172
172
172
172
172
172
172
172

184
172
184
172
184
184
172
184
172
172
184

265
265
261
265
261
261
261
261
nd
265
265

269
261
269
269
265
265
265
265
265
269
269

Phenotypic sex
F
F recombined
F
F
F
F
F
M
M

B. variabilis Th1M1xTh1F1
Mother Th1F1
94
Father Th1M1
98
Th1M1xTh1F1_21
110
Th1M1xTh1F1_22
110
Th1M1xTh1F1_25
110
Th1M1xTh1F1_23
98
Th1M1xTh1F1_24
98
Th1M1xTh1F1_26
98
Th1M1xTh1F1_27
98

126
110
94
126
126
94
126
94
126

172
184
176
176
176
184
184
184
184

176
176
176
176
172
176
172
176
176

272
273
261
261
261
273
273
273
273

265
261
272
265
265
272
265
272
272

Phenotypic sex
unsexed
F
F
M
M
unsexed
M
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B. variabilis
Th1F2xTh1M2
Mother Th1F2
Father Th1M2
Th1M2xTh1F2_2
Th1M2xTh1F2_3
Th1M2xTh1F2_5
Th1M2xTh1F2_7
Th1M2xTh1F2_1
Th1M2xTh1F2_4
Th1M2xTh1F2_6

Sex-linked markers
C201_1 C201_2 C223_1 C223_2 D214_1 D214_2
94
94
164
172
273
273
94
118
172
176
256
264 Phenotypic sex
118
94
176
164
264
273
F
118
94
176
172
264
273
F
118
94
176
172
264
273
F
118
94
176
164
264
273
F
94
94
172
172
256
273
M
94
94
172
172
256
273
M
94
94
172
164
256
273
unsexed

Hybrid zone B. viridis / B. variabilis GR243x244
Mother GR243
106
114
168
Father GR244
106
98
172
GR243x244_22
98
106
164
GR243x244_24
98
106
164
GR243x244_25
98
114
164
GR243x244_30
98
106
164
GR243x244_31
98
114
164
GR243x244_21
98
106
164
106
114
172
GR243x244_23
GR243x244_26
106
106
172
GR243x244_27
106
114
172
GR243x244_29
106
106
172

176
164
176
176
176
176
176
176
168
168
168
168

252
264
264
264
264
264
264
264
264
264
264
264

272
264
252
252
252
252
252
252
252
272
272
252

Phenotypic sex
F
F
F
F
F
unsexed
M
M
M
M

Hybrid zone B. viridis / B. variabilis Clutch GRII
Mother unknown
94
110
172
Father unknown
94
110
164
GRll_25
110
94
176
GRll_22
94
94
164
GRll_23
94
94
164
GRll_24
94
110
164
GRll_26
94
110
164

176
176
176
172
176
172
172

264
252
268
252
252
252
252

276
268
264
276
276
264
264

Phenotypic sex
F
M
M
M
M

Hybrid zone B. viridis / B. variabilis Clutch GRIII
Mother unknown
118
102
168
Father unknown
98
114
176
GRlll_21
114
102
176
GRlll_22
114
102
176
GRlll_24
114
118
176
GRlll_26
114
102
176
GRlll_23
98
118
176
GRlll_25
98
118
176
GRlll_27
98
118
176
GRlll_28
98
102
176
GRlll_29
98
118
176

172
176
172
172
172
172
172
172
172
168
168

256
264
252
252
252
252
264
264
264
264
264

260
252
260
260
260
260
260
260
256
256
256

Phenotypic sex
F
F
F
F
M
M
M
M
M

Hybrid zone B. viridis / B. variabilis Clutch GRIV
Mother unknown
94
114
172
Father unknown
98
110
176
GRlV_23
110
114
168
GRlV_24
110
94
168
GRlV_27
110
94
168
GRlV_26
98
114
176
GRlV_28
98
94
176

172
168
172
172
172
172
172

256
268
264
264
268
268
268

260
264
256
256
260
260
260

Phenotypic sex
F
F
F sterile/recomb.
M
M
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Sex-linked markers
Hybrid zone
Clutch GRV
Mother unknown
Father unknown
GRV_21
GRV_22
GRV_23
GRV_24
GRV_25
GRV_26

C201_1 C201_2 C223_1 C223_2 D214_1 D214_2
114
98
98
98
98
98
98
98

118
nd
118
118
114
118
114
118

172
168
168
168
168
168
168
168

176
nd
172
176
172
176
176
176

264
260
260
260
260
260
260
260

268
nd
264
268
264
268
268
268

Phenotypic sex
M
M
M
M
M
M

Hybrid zone B. viridis / B. variabilis Clutch GRVI
Mother unknown
114
nd
nd
Father unknown
94
nd
172
GRVl_21
94
114
172
GRVl_24
94
114
172
GRVl_25
94
114
172
GRVl_26
94
114
172

176
nd
176
176
176
176

256
263
263
263
263
263

267
nd
256
267
267
267

Phenotypic sex
M
M
M
M

Hybrid zone B. viridis / B. variabilis Clutch GRVII
Mother unknown
98
118
180
Father unknown
94
94
172
GRVll_21
94
98
164
GRVll_23
94
118
164
GRVll_24
94
98
164
GRVll_25
94
118
164
GRVll_26
94
118
164
GRVll_27
94
118
164
GRVll_22
94
98
172

176
164
180
180
180
180
180
180
176

260
267
260
260
260
260
260
260
267

263
260
263
263
263
256
263
263
260

Phenotypic sex
F
F
F
F germ line muta.
F
F
M

Hybrid zone B. viridis / B. variabilis Clutch GRVIII
Mother unknown
106
110
168
Father unknown
110
118
176
GRVIII_22
118
106
176
GRVIII_23
118
106
176
GRVIII_25
118
110
176
GRVIII_26
118
110
176
GRVIII_27
118
106
176
GRVIII_30
118
110
176
GRVIII_33
118
110
176
GRVIII_34
118
110
176
GRVIII_37
118
106
176
GRVIII_39
118
106
176
GRVIII_40
118
106
176
GRVIII_31
110
106
176
GRVIII_21
110
106
176
GRVIII_24
110
106
176
GRVIII_28
110
106
176
GRVIII_29
110
110
176
GRVIII_32
110
106
176
GRVIII_35
110
106
176
GRVIII_36
110
106
176

200
176
200
200
200
200
200
200
200
200
200
200
200
168
168
168
168
168
168
168
168

256
256
264
264
264
264
264
264
264
264
264
264
264
256
256
256
256
256
256
256
256

264
264
256
256
256
256
264
264
264
264
256
264
256
264
256
264
264
264
256
256
256

Phenotypic sex
F
F
F
F
F
F
F
F
F
F
F
F
M
M
M
M
M
M
M
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Supplementary Information S3:
Linkage maps for sex-linked markers D214, C201 and C223.
Differences in recombination rates and thus map length between female and male B. viridis,
B. variabilis, B. balearicus and individuals from a hybrid zone of B. viridis and B. variabilis. Lengths
are given in cM.

B. viridis
1111
Females
1
D214
0,0
1
1
1
1
C201
45,0
1
1
1
1
1
1

1
1
145,0
1
1
1

B. variabilis
Males
0,0

D214 C201
C223

C223

8,7

17,5

0,0

D214

14,7

C201

51,2

C223

Males
0,0

D214 C201
C223

Hybrid zone B. viridis/B.variabilis

B. balearicus
1
Females
1
D214
0,0
1

Females

Males
0,0

D214 C201
C223

Females
0,0

C201

95,6

D214

126,6

C223

Males
0,0
3,4
7,3

C201
D214
C223

C201

C223
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Abstract
Multiple anthropogenic stressors cause worldwide amphibian declines. Among several
poorly investigated causes is global pollution of aquatic ecosystems with endocrine
disrupting compounds (EDCs). These substances interfere with the endocrine system
and can affect the sexual development of vertebrates including amphibians. We test
the susceptibility to an environmentally relevant contraceptive, the artificial estrogen
172-ethinylestradiol (EE2), simultaneously in three deeply divergent systematic
anuran families, a model-species, Xenopus laevis (Pipidae), and two non-models,
Hyla arborea (Hylidae) and Bufo viridis (Bufonidae). Our new approach combines
synchronized tadpole exposure to three EE2-concentrations (50, 500, 5,000 ng/L) in a
flow-through-system and pioneers genetic and histological sexing of metamorphs in
non-model anurans for EDC-studies. This novel methodology reveals striking
quantitative differences in genetic-male-to-phenotypic-female sex reversal in nonmodel vs. model species. Our findings qualify molecular sexing in EDC-analyses as
requirement to identify sex reversals and state-of-the-art approaches as mandatory to
detect species-specific vulnerabilities to EDCs in amphibians.
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Introduction
Amphibians face a global ongoing decline1,2. Anthropogenic causes such as industrial
agriculture3, habitat destruction4,5, invasive species6, climate change7, land use8 and
infectious diseases9, including several forms of chytridiomycosis10,11, are among the
major threats. However, the sum of multiple stressors1,7, some of which poorly known,
is considered to be the true reason for the massive population declines. One potential
cause represents endocrine disrupting compounds (EDCs)12. Besides pesticides,
EDCs comprise either natural products or synthetic chemicals that mimic, enhance
(an agonist), or inhibit (an antagonist) the action of hormones and in this way interfere
with the synthesis, secretion, transport, binding, action, or elimination of natural
hormones, which are responsible for the maintenance of homeostasis, reproduction,
development, and/or behavior13. Considerable amounts of EDCs are globally found in
waste and surface waters14,15 and can easily enter the body of aquatic organisms and
impair their natural hormonal pathways. EDCs are well known for their negative
impacts on the sexual development of aquatic organisms such as fish16,17 and are
suspected to cause fertility problems in humans18,19. However, their impact to nonmodel amphibians with aquatic larvae is not well studied, despite recent evidence for
high EDC-relevance to suburban frog populations20. One globally relevant EDC is
172-ethinylestradiol (EE2), a synthetically stabilized estrogen and main ingredient of
many female contraceptive pills. The inert EE2 is then excreted and insufficiently
eliminated by sewage plants and hence reaches aquatic ecosystems14. It is a main
hormonal pollutant, resistant to degradation, that accumulates in sediments and
biota14. Concentrations from 24 to 831 ng/L have been detected in European and
American surface waters21–23. Such concentrations have been shown to alter behavior
and somatic and sexual development in fish and amphibians12,14,15. Due to their semiaquatic life cycle, often aquatic reproduction and a highly permeable skin, amphibians
are especially sensitive to EDCs. Effects on development and reproduction are best
examined in clawed frogs, Xenopus laevis and X. tropicalis. In these amphibian
models, EE2-concentrations as low as 0.3 ng/L have been shown to affect calling
behavior and mating success24. Higher but still environmentally relevant amounts of
EE2 (29 to 840 ng/L) have been shown to affect body morphology, metamorphosis
and hemoglobin catabolism25,26. Importantly, EE2 can lead to impaired sexual
development as mirrored by gonad histomorphology, demonstrating that male clawed
frogs (X. laevis) develop mixed sex (= ‘intersex’, see below) gonads or even show
complete phenotypic sex reversal26–29. The undifferentiated anuran gonad is
bipotential and can develop into either ovary or testis30. Therefore, exogenous
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hormones can override the primary genetic sex determination signal and lead to
developmental disturbances, mixed sexes or complete sex reversal. One major
obstacle of studying EDC-effects in amphibians has been the mostly inaccessible
information about genetic sex. In most previous EDC-studies, sex reversal had to be
inferred by comparing sex ratios of control and exposed frogs, assuming a normal
1:1 proportion, which may have easily led to wrong conclusions about EDC-impacts
on sex ratios. While all amphibian species investigated show genetic sex
determination31, exhibiting either male (XX/XY) or female (ZZ/ZW) heterogamety, an
extrapolated 96% of all species have microscopically indistinguishable sex
chromosomes32, requiring molecular sexing methods. Although EDC-studies with
molecular sexing were applied to the model Xenopus26,33, sex markers have become
only recently available for some non-model anurans32,34–38, and have not been used in
EDC-experiments.
Using a high-standard flow-through-system and the first direct experimental approach
of its kind, we simultaneously exposed European tree frogs (H. arborea), green toads
(B. viridis) and the well investigated but deeply diverged model-species X. laevis to
EE2, applied molecular sexing followed by histological analysis and compared
impacts on their sexual development. We found striking differences in the
susceptibility to sex reversal between model and non-model species, showing that
state-of-the-art approaches are an important prerequisite to detect species-specific
vulnerabilities to EDCs in amphibians.
Results
Phenotypic sex reversal of genetic males
Among all three anuran species, simultaneous exposure to three EE2-concentrations
under flow-through-conditions resulted in different proportions of male-to-female sex
reversal, ranging from 15 to 100% (Table 1; Fig. 1), which was solely revealed when
comparing genetic and phenotypic sex of experimental animals. Importantly, no sex
reversal occurred in control groups. While sex reversal (Figs. 1 and 2) was generally
correlated to EE2-concentration, interspecies differences (p 3 0.010) between clawed
frogs (X. laevis) and tree frogs (H. arborea) were found at all concentrations, and
between clawed frogs and green toads (B. viridis) at the highest concentration
(5,000 ng/L; p 3 0.001). While EE2-treatment produced similar percentages of sexreversed tree frogs and green toads (15 to 36%), clawed frogs appeared most
susceptible (up to 100%). At the lowest concentration (50 ng/L) 31.3% of genetically
male clawed frogs developed female phenotypes, i.e. ovaries, while no sex reversal
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occurred in the non-mo
odel species (H. arborea, B. viridis). As expected for a
feminizing EDC, sex rev
eversal occurred always from genetic male
ma to phenotypic
female. According to gros
oss morphological observation and histologi
gical evidence, sex-

reversed genetic male fro
frogs and toads developed ovaries that sho
owed no difference
to those of genetic control
ol and untreated39 females.

Fig. 1: Quantities of sex rev
eversal (contradiction between genetic and phe
henotypic sex) under
the influence of 171-ethiny
nylestradiol (EE2) in three deeply diverged anuran
a
amphibians.
Percentages of genetic-male-to-phenotypic-female sex reversal in African cla
lawed frogs (Xenopus
laevis, red), European tree frogs
(Hyla arborea, green), and European green
fr
en toads (Bufo viridis,
blue) exposed to three conc
ncentrations of EE2 and in control animals; pooled
po
data from two
replicate experiments for eac
ach treatment or control. Susceptibility difference
es in genetic-male-to-

phenotypic-female sex revers
rsal occurred at all concentrations: (*) significant
nt differences between
x

clawed frogs and tree frogs (p 3 0.010); ( ) significant differences between cla
lawed frogs and green

toads (p 3 0.001). Statistica
al analyses were conducted using cross-tabulat
ation, Chi square and
Fisher´s exact tests (2 = 0.05)
5).
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Table 1: Effects of three 171-ethinylestradiol (EE2) concentrations (50, 500 and 5,000 ng/L)
on the sexual development of model and non-model amphibian species. Species comprised
African clawed frogs (Xenopus laevis), European tree frogs (Hyla arborea), and European green
toads (Bufo viridis); numbers and percentages of genetically sexed individuals, sex-reversed males
and mixed sex individuals. Significant inter-species susceptibility differences occurred at all
concentrations, resulting in genetic-male-to-phenotypic-female sex reversal and development of
x

mixed sex individuals. (*) Significant difference between clawed frogs and tree frogs, ( ) between
#

clawed frogs and green toads, (°) between tree frogs and green toads. ( ) Significant difference
between treatment and control groups within the same species.
Genet.
Females Males Females Males
sexed

Sex reversed

Mixed sex

X. laevis

N

N

N

%

%

N

%

N

%

Control

35

24

11

68.6

31.4

0

0

0

0

50 ng/L

38

22

16

57.9

42.1

5*

500 ng/L

37

20

17

54.1

45.9

13*

5,000 ng/L

38

21

17

55.3

44.7

H. arborea

N

N

N

%

%

N

Control

36

13

23

36.1

63.9

50 ng/L

36

15

21

41.7

58.3

17*

,#

,x, #

31.3*
76.5*
100*

x

0.0

1

12.5

,#

,x, #

x

0

x

x

0

0.0

%

N

%

0

0

0

0

0*

0.0*

0°

0.0°

3

30

6*

,#

31.6*

,#

500 ng/L

41

22

19

53.7

46.3

5,000 ng/L

37

17

20

45.9

54.1

3*

15.0*

3

27.3

B. viridis

N

N

N

%

%

N

%

N

%

Control

25

13

12

52

48

0

0

0

0

50 ng/L

24

11

13

45.8

54.2

0

0

500 ng/L

27

15

12

55.6

44.4

4

36.4

5,000 ng/L

27

12

15

44.4

55.6

5

x

33.3

x,

4
x

°

#

4

x, #

9

57.1

x,

80.0
69.2

°

#

x, #
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Fig.

2:

Histological

sections

of

three

anuran

species

under

the

influence

of

171-ethinylestradiol (EE2). (a-c) Normal male, normal female and phenotypically sex-reversed
gonad of an African clawed frog (Xenopus laevis). (d-f) Normal male, normal female and
phenotypically sex-reversed gonad of an European green toad (Bufo viridis). (g-i) Normal male,
normal female and phenotypically sex-reversed gonad of an European tree frog (Hyla arborea).
Bo –Bidder’s organ, characteristic of bufonid gonads (for details: Methods); fb – fat body; o – ovary;
t – testis; arrows indicate seminiferous tubules; *ovarian cavity; arrowheads – diplotene oocytes.
Scale bars are 100 micrometers.

48

Paper 2

Mixed sex gonads
In addition to sex reversals, EE2-treatment provoked the development of various
percentages of mixed sex40 gonads (equivalent to ‘intersexes’ of some authors41–43)
that were histologically recorded in all three species (Fig. 3, Table 1). Such altered
gonads are characterized by the presence of ovarian within testicular tissue in genetic
males and were never found in control groups. In contrast to the sex reversal
analyses, X. laevis formed fewer mixed sex gonads than B. viridis (p 3 0.026). No
significant susceptibility differences between H. arborea and the model species were
found. Both non-model species also differed in their susceptibility at the lowest
concentration (50 ng/L; p 3 0.015).

Fig. 3: Histological sections of mixed sex gonads of three anuran species under the
influence of 171-ethinylestradiol (EE2). (a) African clawed frog (Xenopus laevis), (b) European
green toad (Bufo viridis), (c) European tree frog (Hyla arborea); Fig. 2 for control and sex-reversed
individuals. Bo – Bidder’s organ, specific of bufonid toads’ gonads; fb – fat body; m – meiocytes;
o – ovary; st – seminiferous tubules; t – testis; *a cavity separating testicular and ovarian parts of
the mixed sex gonad; white arrow indicates ovarian cavity in the ovarian portion of the mixed
gonad; white arrowheads show diplotene oocytes; yellow dotted lines separate testicular and
ovarian parts of the mixed sex gonads. Scale bars represent 100 micrometers.

Discussion
Using a new combination of experimental features, we provide evidence for different
quantities of genetic-male-to-phenotypic-female sex reversal in three amphibian
species, diverged between 78 million years44 (Hyla, Bufo) and 206 My (Xenopus),
under exposure to the estrogen EE2. This synthetic substance is globally of high
relevance for EDC-pollution of aquatic ecosystems14,15. Our new approach combined
simultaneous exposure of tadpoles to three EE2-concentrations in a flow-throughsystem and genetic sexing of metamorphs of model and non-model experimental
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anurans. We applied environmentally (pollution) and physiologically (expected effects
in X. laevis) relevant concentrations of EE2. Genetic sexing of metamorphosed tree
frogs and green toads revealed these two non-model species to have similar
susceptibilities to sex reversal among each other, while both significantly differed from
X. laevis. This model-species, in which genetic sex is governed by a female
heterogametic (ZZ/ZW) chromosome system45, proved to be more sensitive to EE2
with a lower dose provoking sex reversals and more affected animals (Table 1). On
the other hand, B. viridis and H. arborea, both diverged 206 My from X. laevis and
possessing male heterogametic (XX/XY) sex chromosomes32,35, showed higher
percentages of mixed sex individuals than X. laevis. All of this suggests that speciesspecific developmental stages, sex determination systems or endocrine pathways,
shaped by long separate evolutionary histories, were differently affected by EE2, and
such a wide spectrum of effects can be generally expected also for other EDCs
among diverged anuran lineages.
The occurrence of more than 50% of genetic females among the randomly chosen
hatchlings in several of our test tanks underlines the importance of genetic sexing.
Unavailability of genetic sexing, as in many previous studies, could easily lead to
wrong conclusions about the strength of feminizing (or masculinizing) effects of EDCs
when determining “no observed effect concentration” (NOEC) and “lowest observed
effect concentration” (LOEC) for endocrine active substances.
Different estrogenic compounds with concentrations reaching from the low nanogramto the high microgram-per-liter range have been shown to provoke phenotypic maleto-female sex reversals in X. laevis46–48 models. To our knowledge, only one previous
study26 has examined sex reversals after EE2-exposure using molecular sexing in
X. laevis, examining a similar range of concentrations (90, 840, 8,810 ng/L). In
contrast to our study, male-to-female sex reversals were not detected under the
90 ng/L treatment, and at the higher concentrations with only 7 and 17%, respectively.
However, these authors used a static and not a flow-through-system, which may
explain the deviating results to our study, as EE2-concentrations may stronger
fluctuate due to effects of metabolic activity of microorganisms in tanks49,50, due to
greater biomass sorption of EE251, or due to simple adsorption to surfaces of
exposure tanks. Beyond the synthetic EE2, on which we focused due to its high
environmental relevance, previous sex reversal estimates in X. laevis, evaluating only
sex ratios, involved the natural, ephemeral 174-estradiol (E2). Such E2-treatments
provoked skewed sex ratios40,48,52–54 or complete feminization46,53,55,56. In H. arborea
and B. viridis effects have only been studied56 at the very high 100,000 ng/L E250
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concentration. In both species, no female-biased sex ratios but a high percentage
(59.3%) of undifferentiated gonads in B. viridis were found. Since gonad differentiation
in bufonid toads is slower compared to the other species at this developmental
stage39, we assume that the time of dissection at metamorphosis may have influenced
these results. Several inconsistent outcomes in the literature may be explicable by the
potentially wrong assumption of initial 1:1 sex ratios of experimental amphibians.
Based on our data, we strongly recommend genetic sexing, whenever available, as a
hallmark of appropriate evaluation of EDC-effects in amphibians. This demand can be
extended to other vertebrates and generalized to EDC-research in organisms with
homomorphic sex chromosomes, including invertebrates57. Otherwise, as shown here,
complete sex reversal as a very profound EDC-effect, occurring at low concentrations,
may be completely overlooked. Furthermore, deep phylogenetic differences may
result in strong susceptibility differences towards EDCs. Though we do not advocate
the extensive use of endangered amphibians, we conclude that results gained from
earlier studies in X. laevis in general and without genetic sex information specifically
should not be uncritically extrapolated to other anuran species.
Methods
Animals. This experiment was approved by the German State Office of Health and
Social Affairs (LaGeSo, Berlin, Germany; G0359/12); all methods were carried out in
accordance with approved guidelines. Xenopus laevis tadpoles were obtained from
the stock at the Leibniz-Institute for Freshwater Ecology and Inland Fisheries.
Induction of spawning and tadpole husbandry followed standard methods58. Parental
animals of B. viridis and H. arborea were caught at several localities in Greece
(Supplementary Table 1), and non-invasively DNA-sampled59. Parts of their clutches
were transferred to IGB (permit 115790/229) and acclimated at 22 ± 1°C in 10 L
Milli-Q grade water, supplemented with 2.5 g marine salt (Tagis, Germany).
Hormone exposure and experimental conditions. 172-Ethinylestradiol (SigmaAldrich, Germany), dissolved in dimethyl sulfoxide (DMSO; Roth, Germany), was
applied in nominal concentrations of 50, 500 and 5,000 ng/L (Supplementary Fig. 1
and Supplementary Table 2, for measurements during the experiment); control
animals received 0.00001% DMSO. EE2-concentrations in test tanks were checked
weekly by high performance liquid chromatography/mass spectrometry (HPLCMS/MS), and adjusted if required. In order to minimize adsorption or release of EDCs,
we used glass tanks and all connections of the flow through system consisted of inert
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materials involving mainly PTFE (Polytetrafluoroethylene, “Teflon”)-coating or
Platinum-cured Silicon tubing (Cole-Parmer). Exposure of tadpoles started at
Gosner60-stage 22-23 in B. viridis and H. arborea, equivalent to Nieuwkoop-Faber61
stage 42-44 in X. laevis, distinctly prior to the sensitive phase of sex determination in
all species30,62. Twenty randomly chosen individuals per species and treatment were
transferred into each test tank in a high-standard flow-through-system (details52). Two
replicates per exposure group (including control) comprised in total 160 tadpoles per
species. Stock solutions and water were piped via a peristaltic pump into a mixing
chamber, mixed to final EE2-concentrations, and supplied to a cluster of three test
tanks each. Concentrations were thus identical for all three species in each treatment
group. Tadpoles were reared in a 12/12 h light/dark cycle at constantly 22 ± 1°C in
sufficiently aerated and regularly cleaned tanks. Weekly monitored water parameters
comprised: dissolved oxygen, nitrate, ammonium, pH, conductivity, and hardness;
values were adequate as in previous studies involving the same equipment40.
Tadpoles were fed SeraMicron (Sera, Germany), H. arborea and B. viridis were
additionally supplied with TetraMin (Tetra, Germany). To imitate natural conditions
under which H. arborea and B. viridis leave water at metamorphosis, animals were
transferred to glass terraria at Gosner stage 46. Xenopus laevis were dissected at
equivalent Nieuwkoop-Faber stage 66; hylids and bufonids after sufficient postmetamorphic differentiation39.
Phenotypic sexing based on gonad gross morphology and histology. Animals
were anesthetized by immersion in tricaine methanesulfonate (MS 222; SigmaAldrich), decapitated and dissected under a binocular microscope (Olympus SZX7).
Gonadal anatomy served for preliminary phenotypic sexing and detection of
underdeveloped gonads. To improve visualization, a drop of Bouin’s solution (SigmaAldrich) was added; and in situ anatomical photographs were taken (Olympus DT5
camera). For histology, gonads were carefully dissected, separated from adjacent
tissue, fixed in Bouin (24 h) and subsequently rinsed several rounds in 70% ethanol.
Histological sections were prepared for 50% of study animals (from each tank 10
randomly chosen individuals, i.e. 20 per treatment group). Analyses were performed
according to established protocols30,39,63. Using Stemi SV11 (Zeiss) microscope and
camera, separated gonads were photographed, embedded in paraplast, sectioned
into 7 µm longitudinal slices, stained with Mallory's trichrome, and examined using
Zeiss Axioskop 20 microscope. Images were acquired by a cooled Carl Zeiss
AxioCam HRc CCD camera. Histological sections were screened slide by slide to
52

Paper 2

establish phenotypic sex. Ovaries were recognized by the presence of ovarian
cavities, early meiotic oocytes and/or diplotenes, and testes by spermatogonia,
spermatocytes and/or seminiferous cords or tubules. In the case of B. viridis, the most
anterior part of both male and female gonads is Bidder’s organ, an ovary-like
structure, characteristic of bufonids64. In B. viridis mixed sex was defined when
ovarian meiocytes were found inside male testicular tissue behind the physiological
transition region between Bidder’s organ and the actual gonad. All phenotypic sexing
was performed without prior knowledge about genetic sex of animals.
Genotypic sex determination. DNA extraction involved the BioSprint robotic
workstation with its 96 DNA Plant Kit (Qiagen, Germany) according to the
manufacturer’s protocol. To establish genetic sex, species-specific polymerase chain
reactions (PCRs) were conducted on Eppendorf Mastercyclers (Ep Gradient S). For
X. laevis, two genes were amplified45,65: DMRT1 and the female-specific DM-W
(Supplementary

Table

3).

Genetic

sexing

of

non-model

species

involved

microsatellites WHa5-201 and Ha-H10834,36 (H. arborea) and C20132,66, HNRNPD and
CHD167 (B. viridis; Supplementary Table 3). Genotypes were analyzed on a
sequencer (3500xL Genetic Analyzer, Applied Biosystems) and GENEMAPPER v. 4.0
was used for visualization of peaks. DNA quality issues (four H. arborea) and
homomorphy of microsatellites (33 B. viridis) prevented genetic sexing in these
individuals that were excluded from sex reversal analyses.
Detection of complete sex reversal and mixed sex. Phenotypic sexing of all
animals was based on gross morphology and histology of gonads39,52. Complete sex
reversal was stated if genetic males showed a phenotypically female gonad,
irrespective of the degree of its differentiation and not differing from those of control
females. Mixed sex gonads were detected by the presence of ovarian and testicular
tissue in the same gonad.
Statistics. All data were analyzed with SPSS Statistics 22 (IBM, Armonk, NY). Intraand inter-specific differences in EE2-susceptibility were examined. For evaluations of
sex reversal and mixed sex, we first compared both replicates per species and
parameter using Fisher´s exact test. If no differences (exact p 5 0.05) were found,
both replicates per treatment were pooled in order to compare control and exposure
groups within and between species using cross-tabulations with 2-sided Chi square
tests (2 = 0.05). Post-hoc Fisher´s exact tests (2-sided) were applied for pairwise
comparisons including False Discovery Rate corrections68.
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Supplementary Table 1: Geographic coordinates for origin of European tree frogs (Hyla
arborea) and European green toads (Bufo viridis).

Family ID

Species

Ha_Mix

H. arborea

Ha_Mo×La

H. arborea

Bv_Mix

B. viridis

Bv_GR13_
11x12

B. viridis

Number of
individuals

Locality

Long.

Lat.

Greece, Crete, Thrapsano

35.185

25.303

Greece, Crete, Mochos

35.247

25.442

Greece, Crete Mochos
(mother)
Greece, Crete Lasithi
Plateau (father)
Greece, Crete, Thrapsano

35.247

25.442

35.193

25.432

35.185

25.303

Greece, Naxos

36.975

25.493

Greece, Crete,
Lasithi Plateau

35.193

25.432

40 siblings
and 40 mixed
offspring
Mother,
father, 80
siblings
40 and 32
siblings
Mother,
father, 80
siblings

Supplementary Table 2: Measured ethinylestradiol (EE2) concentrations. In weeks 4, 5 and 8
only stock solutions were quantified; chart in Supplementary Fig. 1.
Concentration
EE2 ng/L

Week
1

Week
2

Week
3

Week
6

Week
7

Week
9

Week
10

Average

5,000

2950

3030

4030

5000

4910

4680

3850

4064

500

670

1270

1275

260

480

357

50

80

110

40

100

30

30

719
20
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Supplementary Table 3: Primer information and PCR protocols for molecular sexing of
Xenopus laevis, Hyla arborea and Bufo viridis. (a) Marker with corresponding accession
numbers, sequences, labels and sizes for all three species. (b), (c) PCR ingredients and cycler
protocol for genes DMRT1 and DM-W for X. laevis. (d), (e) PCR ingredients and cycler protocol for
microsatellite markers WHa5-201 and Ha-H108 for H. arborea. (f), (g) PCR ingredients and cycler
protocol for microsatellite marker C201 for B. viridis. (h), (i) PCR ingredients and cycler protocol for
microsatellite markers HNRNPD and CHD1 for B. viridis.
(a)
Species

Locus

GenBank
Acc. number

Primer sequences (5'=>3')

X. laevis

DMRT1

AB259777

F:AACAGGAGCCCAATTCTGAG

Fluorescencelabel
none

206

none

260

Allele
size (bp)

R:AACTGCTTGACCTCTAATGC
X. laevis

DM-W

AB365520

F:CCACACCCAGCTCATGTAAAG
R:GGGCAGAGTCACATATACTG

C201

HQ386137

F:AGGACCCAGGATTTCCAT

HEX
(green)

94 - 122

B. viridis

HNRNPD

SAMN03993917
(Bioproject)

R:GCTTCTACCAAAGACTGTTCC
F:AGCGTGATGGAGGCGGCCGCCA
GCG
R: CTTGCTGGCGTTGATCTTC

FAM
(blue)

128 - 140

B. viridis

CHD1

SAMN03993917
(Bioproject)

F:TCCCTGCATTCTGTCAAGAAC

HEX
(green)

299 - 301

FAM
(blue)

234 - 261

HEX
(green)

228 - 253

B. viridis

R:TGGACGGTATGAGGAACCAT
H.
arborea

Ha-H108

H.
arborea

WHa5201

EU029102

F:GGGGGTGAGTAAGGGTTAAATC
R:GCCACTGTATAGTCCCTCCCTA

AJ403999

F:TCATGGACTGTCGTCATGGT
R:AGGTAAATGGAATCTGGGTGTG

(b)

ddH2O
10x Buffer (15 mM
MgCl2)
dNTP Mix (2,5 mM)

(c)
Volume
per well
in µl

Cycle

Temperature

Time period

Process

1

95°C

4 min

Denaturation

2

95°C

1 min

Denaturation

19.25

3

60°C

1 min

Annealing

2.5

4

72°C

1 min

Extension

go to 2

30 x

5

72°C

10 min

6

10°C

forever

0.25

Taq polymerase

0.2

Primer DM-W for

0.2

Primer DM-W rev

0.2

Primer DMRT1 for

0.2

Primer DMRT1 rev

0.2

Total Volume

23.00

DNA

2.00

Extension

60

Supplementary Information Paper 2

(d)

(e)
Volume
per well
in µl

Cycle

Temperature

Time period

Process

1

95°C

15 min

Denaturation

2

94°C

30 s

Denaturation

ddH2O

3.18

3

58°C

1.5 min

Annealing

Multiplex Mastermix

3.00

4

72°C

1.0 min

Extension

go to 2

32 x

Primer Ha5-201 for

0.33

Primer Ha5-201 rev

0.33

5

60°C

30 min

Primer H108 for

0.08

6

10°C

forever

Primer H108 rev

0.08

Total Volume

7.00

DNA

3.00

Cycle

Temperature

Time period

Process

1

95°C

15 min

Denaturation

2

94°C

30 s

Denaturation

3

48°C

1.5 min

Annealing

4

72°C

1.0 min

Extension

go to 2

35 x

5

60°C

30 min

6

10°C

forever

Cycle

Temperature

Time period

Process

1

95°C

3 min

Denaturation

2

94°C

30 s

Denaturation

3

59,5°C

60 s

Annealing

4

72°C

40 s

Extension

go to 2

35 x

(f)

Extension

(g)
Volume
per well
in µl

ddH2O

1.86

Multiplex Mastermix

3.00

Primer D214 for

0.07

Primer D214 rev

0.07

Primer C201 for

1.50

Primer C201 rev

1.50

Total Volume

8.00

DNA

2.00

(h)

Extension

(i)
Volume
per well
in µl

ddH2O
10x Buffer (15 mM
MgCl2)
Sol Q

2.90

dNTP Mix (2,5 mM)

1.00

5

72°C

10 min

Top Taq polymerase

0.10

6

10°C

forever

Primer HNRNPD for

0.50

Primer HNRNPD rev

0.50

Primer CHD1 for

0.50

Primer CHD1 rev

0.50

Total Volume

9.00

DNA

1.00

1.00
1.00

Extension
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Supplementary Fig. 1: Measured 171-ethinylestradiol (EE2) concentrations. Nominal EE2
concentrations comprised 50 (green line), 500 (red line) and 5,000 (blue line) ng/L; for numeric
measured values: Supplementary Table 2.
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Abstract
Amphibians are undergoing a global decline. One poorly investigated reason could be
the pollution of aquatic habitats by endocrine disrupting compounds (EDCs). We
tested the susceptibility to the synthetically stabilized estrogen 172-ethinylestradiol
(EE2) in three deeply diverged anuran species, differing in sex determination systems,
types of gonadogenesis and larval ecologies. To understand whether data from the
amphibian model Xenopus laevis (Pipidae) are analogous and applicable to only
distantly related non-model amphibians, hatchlings of X. laevis, Hyla arborea (Hylidae)
and Bufo viridis (Bufonidae) were simultaneously exposed to 50, 500 and 5,000 ng/L
EE2 until completion of metamorphosis, using a flow-through-system under identical
experimental conditions. Molecularly established genetic and histologically obtained
phenotypic sex was compared in all species. We have recently shown that EE2
provoked numerous genetic-male-to-phenotypic-female sex reversals and mixed sex
individuals. Here, we focus on the influence of EE2 on gonadal and somatic
development. Anatomy and histology revealed several species-specific effects. In both
non-model species, H. arborea and B. viridis, high numbers of anatomically impaired
gonads were observed. In H. arborea exposed to 5,000 ng/L EE2, numerous
underdeveloped gonads were detected. Whereas EE2 did not alter snout-to-vent
length and body weight of X. laevis metamorphs, H. arborea showed a treatmentdependent decrease, while B. viridis exhibited an increase in body weight and snoutto-vent length. Apart from a concentration-dependent occurrence of yellowish skin
color in several H. arborea, no organ-specific effects were detected. Since EE2
ubiquitously occurs in many aquatic ecosystems and affects sexual and somatic
development, among EDCs, it may indeed contribute to amphibian decline. Striking
inter-species variation in developmental EE2-effects corroborates strong speciesspecific vulnerability differences towards EDCs between deeply diverged amphibian
groups.
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1. Introduction
Approximately 32% of the more than 7500 known amphibian species are threatened
by extinction, and even higher percentages are in decline (Orton and Tyler, 2014;
Stuart et al., 2004; Wake, 2012; www.amphibiaweb.org). Amphibian populations are
mostly endangered by anthropogenic influences such as climate change, habitat
destruction, invasive species and pollution (Carey and Alexander, 2003; Cushman,
2006; Davidson et al., 2001; Kiesecker et al., 2001; Orton and Tyler, 2014). These
multiple man-made stressors weaken the amphibian immune system and increase the
risk of infections (Daszak et al., 2000, 2003; Forson and Storfer, 2006; Skerratt et al.,
2007). In recent years, research on the impact of aquatic pollutants, such as
endocrine disrupting compounds (EDCs), has received increasing attention. EDCs
comprise industrial and agricultural chemicals, hormones and hormone-like
substances, for example (anti)estrogens, (anti)androgens and (anti)gestagens.
Because of insufficient elimination by sewage treatment plants, they reach surface
waters and are observed worldwide in ground waters, rivers and lakes (Aris et al.,
2014; Belfroid et al., 1999; Jobling et al., 1998). Once introduced, these substances
can interfere with the endocrine systems of aquatic organisms and impair their
somatic and sexual development (Armstrong et al., 2015; Kloas, 2002; Lintelmann et
al., 2003).
Due to its inert nature, the synthetically stabilized estrogen 172-ethinylestradiol (EE2)
is an environmentally and highly pollution relevant EDC. EE2 is a component of oral
contraceptives and exhibits a high estrogenic potency (Arcand-Hoy et al., 1998;
Thorpe et al., 2003). It is more persistent than natural estrogens, resistant to
degradation and accumulates in sediments and biota (Aris et al., 2014; De Wit et al.,
2010; Nash et al., 2004; Wedekind, 2014). EE2 is globally widespread in surface
waters. In the United States, sewage effluents and streams in the neighborhood of
intense urbanization and livestock production contained EE2 in concentrations up to
831 ng/L (Kolpin et al., 2002), while in most European effluents and surface waters,
EE2-concentrations range between 0.2 and 24 ng/L (Desbrow et al., 1998; Larsson et
al., 1999; Liebig et al., 2006; Lima et al., 2014; Ternes et al., 1999). In many studies,
these concentrations were sufficient to alter developmental and reproductive functions
of aquatic animals (reviewed by Aris et al., 2014 and Bhandari et al., 2015).
Due to their highly permeable skin and in most species water-dependent reproduction
and aquatic larval phase, amphibians are constantly exposed to these contaminants in
surface waters (Hayes et al., 2006a; Kloas, 2002). Although all examined amphibians
show genetic sex determination (Beukeboom and Perrin, 2014; Eggert, 2004), during
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early stages of their larval development, the phenotypic sex of individuals is still
indistinct: the undifferentiated gonad is bipotential and, normally governed by the
genotypic sex, can develop into either ovary or testis (Haczkiewicz and Ogielska,
2013; Piprek and Kubiak, 2014). As a consequence, the endocrine system of
amphibians may easily be affected or manipulated by exogenous hormones, being
absorbed and metabolized by tadpoles during their larval development. Most studies
that examined effects of EDCs (including EE2) in amphibians have used the wellestablished laboratory model Xenopus laevis. At EE2-concentrations as low as
0.3 ng/L, calling behavior and mating success were impaired (Hoffmann and Kloas,
2012), at 30 ng/L, the hemoglobin catabolism was disrupted (Garmshausen et al.,
2015), and 2960 ng/L resulted in strongly adverse effects on gonad histomorphology,
e.g. “spermatogenic nest breakdown” and interlobular wall thickening (Cevasco et al.,
2008). After exposure to 90, 840 and 8,810 ng/L EE2, Tompsett et al. (2012, 2015)
detected delayed metamorphosis, mixed sex individuals (also called ‘intersexes’ by
some authors; Coady et al., 2005; Hecker et al., 2004; Levy et al., 2004), complete
sex reversals and altered expression of genes involved in steroid signaling and
metabolism in X. laevis. However, there is very little data published concerning
adverse effects of the hormonal pollutant EE2 on non-model, namely European
anuran species.
We have recently developed a new experimental design combining synchronized
tadpole-exposure to three EE2-concentrations (50, 500, 5,000 ng/L) in a flow-throughsystem with genetic and histological sexing of metamorphs (Tamschick et al., 2016).
This experiment revealed striking quantitative differences in genetic-male-tophenotypic-female sex reversal in non-model vs. model species. In this recent paper
(Tamschick et al., 2016), we have shown that treatment with 500 or 5,000 ng/L EE2
produced similar percentages of sex-reversed H. arborea and B. viridis (15 to 36%),
while X. laevis appeared more susceptible (76 and 100%). At the lowest concentration
(50 ng/L) of EE2, 31.3% of genetically male clawed frogs developed ovaries, while no
sex reversal occurred in the non-model species. EE2 also provoked mixed sex
gonads in genetic males, but in very different quantities among model and non-model
species. While only one mixed sex individual was observed in X. laevis, tree frogs
were moderately affected (30 and 27% at 500 and 5,000 ng/L EE2) but green toads
strongly (57, 80 and 69% at 50, 500 and 5,000 ng/L EE2). These deviating results
show striking susceptibility differences and point to a non-comparability of model and
non-model species.
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Intentionally, experiments of Tamschick et al. (2016) and the present study have been
designed to detect potential vulnerability differences to EDCs, to test whether the long
evolutionary distance might account for lineage-specific effects. The well-investigated
Pipidae diverged from the Bufonidae and Hylidae approximately 206 million years ago
(www.timetree.org). Thus, there are notable differences in e.g. feeding behavior, larval
ecology, genome size and gene composition, last but not least with relevance to
toxicology (Helbing, 2012). The studied taxa also differ in their sex determination
systems, showing either male (XX/XY in H. arborea, Berset-Brändli et al., 2006; Stöck
et al., 2011b, and in B. viridis, Stöck et al., 2011a; Tamschick et al., 2015) or female
(ZZ/ZW; X. laevis, Yoshimoto et al., 2008) heterogamety. While Xenopus and Hyla
show normal/basic gonadogenesis (during their larval development), the genus Bufo
shows a retarded differentiation of gonads (around metamorphosis or later) and the
unique Bidder’s organ, an “ovarian-like” structure at the cranial end in female and
male gonads (Ogielska and Kotusz, 2004; Piprek et al., 2014).
In the present study we focus on the impacts of EE2 on gonadal and somatic
development,

to

answer

the

following

questions:

(I)

Which

effects

have

environmentally and physiologically relevant concentrations of EE2 on gross
morphology and histology of gonads, and on the somatic development of European
non-model anurans? (II) Considering the great phylogenetic distances between pipids,
hylids and bufonids: are the effects obtained in the model X. laevis corresponding to
those in European anuran species or do they differ in their susceptibility to EE2, as
observed in our previous study? In order to answer these questions, hatchlings of
X. laevis, H. arborea and B. viridis were synchronously exposed under flow-through
conditions to environmentally relevant concentrations of 50 and 500 ng/L EE2 and to a
10-fold higher concentration of 5,000 ng/L until completion of metamorphosis and
gonad differentiation. Morphometric data (snout-to-vent length and weight) were
recorded, external and internal morphological abnormalities documented and gonads
analyzed histologically to detect impairments.
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2. Material and Methods
2.1. Chemicals and analysis of exposure concentrations
172-Ethinylestradiol (EE2; 3 98%, Sigma-Aldrich, Germany) was applied in three
concentrations: 50 ng/L (treatment 1; T1), 500 ng/L (T2) and 5,000 ng/L (T3). As EE2
is hardly directly soluble in water, dimethyl sulfoxide (DMSO; 3 99.5%, Roth,
Germany) was used as solvent to prepare stock solutions with Milli-Q grade water.
Control animals were exposed to DMSO solution only (concentration in all test tanks
0.00001%). To reduce the number of experimental animals and because low
concentrations of DMSO had no effects on aquatic organisms in previous studies
(Dresser et al., 1992; Christin et al., 2004; Oka et al., 2008), no water control was
conducted in this experiment. EE2-concentrations in test tanks and/or stock solutions
were quantified every week by HPLC-MS/MS at the Federal Institute for Materials
Research and Testing (BAM): All water samples were spiked with an internal standard
(estradiole-d3)

and filtered through paper

filters. For

water

samples

with

concentrations of 5,000 ng/L EE2 (T3), no solid-phase extraction (SPE) or additional
pre-treatment was applied. LC–MS/MS analyses were performed without sample
enrichment. Water samples with concentrations of 50 (T1) and 500 ng/L EE2 (T2)
were filtered and concentrated using an AutoTrace™ SPE workstation (Dionex,
Germering, Germany). Bakerbond (500 mg, 6 mL) cartridges were used, loaded with
500 mL of water samples, and then dried by a nitrogen stream (purity 5.0, for 20 min).
Elution was performed with 10 mL methanol. The eluate was reduced under a gentle
stream of nitrogen (SLS 02 Evaporator, SLS-Labor, Bad Münstereifel) and
reconstituted in 1 mL of 50% (v/v) water/methanol. LC–MS/MS determinations were
carried out with an Agilent 1100 LC system (Agilent Technologies, Germany)
consisting of degasser, binary pump, autosampler, and column heater. The column
outlet was coupled to an API 4000™ mass spectrometer (SCIEX, Germany).
Ionization was performed using a Turbo V™ ion source in electrospray ionization
negative mode. Data acquisition and mass spectrometric evaluation were carried out
using the program Analyst™ 1.4.1 (SCIEX). For the chromatographic separation,
a core-shell column (150 x 3 mm, 2.6 4m, Kinetex XB-C18; Phenomenex) with guard
column was used. The column oven was set to 55 °C, the flow rate was kept at
0.4 mL/min, and 60 4L of the samples were injected. A binary gradient consisting of
water (A) and acetonitrile (B) was used: started with 20% B, isocratic for 2 min, linear
increase to 95% B within 12 min, kept at 95% B for 8 min, return to the initial
conditions 20% B within 1 min, and kept for 9 min. To exclude tadpole food as a
potential source of EE2, SeraMicron and TetraMin were also tested.
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2.2. Study animals
Clutches and/or parents of H. arborea and B. viridis were sampled at several localities
in Greece (Suppl. Table 1). Mating pairs were either caught in amplexus and spawned
in aquaria or small portions of clutches, i.e. offspring from the same breeding pair,
were directly transferred to aquaria. For non-invasive DNA-sampling of parental
animals, oral epithelium cells were wiped off using cotton swabs (Broquet et al., 2007)
before release. Clutches were transferred to the laboratory (using glass bottles with
pond water) and then acclimated to aquaria containing 10 L Milli-Q grade water
supplemented with 2.5 g marine salt (Tropic Marin Meersalz, Tagis, Germany).
X. laevis tadpoles were obtained from the breeding stock of the Leibniz-Institute of
Freshwater Ecology and Inland Fisheries (IGB); induction of spawning and rearing
of tadpoles followed Lorenz et al. (2011).
2.3. Experimental conditions
EE2-exposure started when tadpoles began to swim independently. In H. arborea and
B. viridis this corresponds to stage 22/23 (Gosner, 1960), in X. laevis to stage 42-45
(Nieuwkoop and Faber, 1994). Normally, twenty (by error 21 H. arborea in one tank of
T2; only 18 B. viridis were available in four out of eight tanks, Table 1) randomly
chosen individuals were transferred into each test tank, 7 L glass aquaria in a highstandard flow-through system

with nonchlorinated municipal water (passing

UV sterilization and several filters to remove particles). Two replicates (Table 1) were
reared per exposure group: in total about 160 tadpoles per species (152 B. viridis, 161
H. arborea) were exposed in three EE2-concentrations (50, 500, 5,000 ng/L) and two
control tanks. Solutions were piped via a peristaltic pump (Masterflex®, Cole-Parmer
Instrument Company, USA) from stock bottles into a mixing chamber, there diluted
1:100 to final concentrations and then supplied to a cluster of three test tanks each
containing experimental animals of a different species. In this way, solutions were
ensured to be exactly the same for the three species in each control and exposure
group. Actual EE2-concentrations in tanks and stock solutions were measured weekly
throughout the experiment. A 12/12 hours light/dark cycle (between 200 and 400 lx
during light period) was applied, temperature was held at 22°C ± 1°C; tanks were
aerated and cleaned regularly. Dissolved oxygen, nitrate, ammonium, pH,
conductivity, hardness and light intensity were monitored weekly. Temperature, air
supply and flow rate of EE2 and water were checked and, if necessary, adjusted daily.
All tadpoles were fed with SeraMicron (Sera, Germany) according to Lutz et al.
(2008). Because of different food requirements, Hyla and Bufo were additionally fed
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with TetraMin (Tetra, Germany). Tadpoles were inspected daily, abnormalities and
mortality were recorded; dead individuals were removed. At metamorphosis, X. laevis
were dissected immediately (NF stage 66), while Hyla and Bufo were transferred to
terraria (around Gosner stage 46) for further development. This closely imitates
natural conditions under which Hyla and Bufo leave water at metamorphosis and
would no longer be exposed to aquatic EDCs. Hylid frogs exhibit advanced
differentiation of ovaries and testes approximately one or two weeks postmetamorphosis. In bufonids, gonadal differentiation is histologically well observable
only about four weeks after metamorphosis (Ogielska and Kotusz, 2004). Therefore,
juvenile Hyla and Bufo were raised for additional two and four weeks, respectively.
Terraria contained bowls with reconstituted pure water from the flow-through system.
Post-metamorphic animals were fed with Drosophila; terraria were cleaned two to
three times a week.
2.4. Dissection, anatomical examination and sampling
Animals were inspected regarding possible, externally visible changes, such as
malformations of extremities or vertebrate columns and unusual skin color. Animals
were euthanized by immersion in tricaine methanesulfonate (MS222; Sigma-Aldrich).
Immediately after anesthesia, snout-to-vent length and body weight were measured,
afterwards animals were decapitated. Muscle tissue of one hind leg was stored in
100% ethanol (EtOH) at -20°C for DNA extraction. After ventrally opening the body
cavity internal organs were examined to record abnormalities using a binocular
microscope (Olympus SZX7) with an attached Olympus DT5 camera. As gonads are
often translucent at this developmental stage, a drop of fixative (Bouin’s solution;
Sigma-Aldrich) was added to improve visualization. Based on gross gonadal anatomy,
phenotypic sexes were identified and morphological abnormalities recorded.
Impairments were defined as deviations from normally appearing ovaries and testes
(Lutz et al., 2008 for details). To prepare gonads for histology, they were fixed (in
natural anatomical positions, including adjacent body parts) in Bouin’s solution for
24 h, subsequently rinsed several rounds in 70% EtOH until the solution was no
longer yellowish and finally stored in EtOH (70%) until further processing.
2.5. Histological examination of gonads
Histological sections of gonads were prepared for 10 randomly chosen individuals
from each tank, i.e. 20 per control or treatment group. Analyses were performed
according to Haczkiewicz and Ogielska (2013), Ogielska et al. (2010) and Ogielska
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and Kotusz (2004): embedded in paraplast, sectioned on a Leica RM 2255 microtome
into 7 µm thick longitudinal sections, stained with Mallory’s trichrome, and examined
using a Zeiss Axioskop 20 microscope. Images were acquired by a cooled Carl Zeiss
AxioCam HRc CCD camera. Histological samples were screened slide by slide to
detect phenotypic sex and abnormally developed gonadal tissues, including sterility
(lack or reduction of germ cell numbers), and underdevelopment. All histological
evaluations were performed without prior information on genetic sex.
2.6. DNA extraction, PCRs and genotyping
DNA extractions were performed at the Museum für Naturkunde (Leibniz-Institute for
Evolution and Biodiversity Research, Berlin) using a Qiagen BioSprint 96 DNA Plant
Kit with the BioSprint robotic workstation (Qiagen, Germany). DNAs were eluted in
200 µL AE buffer (Qiagen) and stored at -20°C. To establish genetic sex, speciesspecific polymerase chain reactions (PCRs) were conducted with subsequent gel
electrophoresis and genotyping as described in Tamschick et al. (2016).
2.7. Statistical analyses
Statistical analyses were performed using SPSS Statistics 22 (IBM). Species,
treatments and sexes were compared regarding inter-, intra- and sex-specific
differences in EE2 susceptibility. Nominal scaled data (mortality, abnormalities of
internal and external organs, development of gonads) were analyzed by crosstabulation, using 2-sided Chi square and Fisher´s exact tests, first comparing both
replicates per species and parameter. If no significant differences (exact p 3 0.05)
were found, replicates were pooled and analyses were conducted comparing control
and treatment groups. For assessment of metric data (size and weight), data of
animals per tank were first tested for normal distribution (Kolmogorov-Smirnov-Test).
If data were normally distributed, a One-Way ANOVA was performed using either
Bonferroni (equal variances) or Tamhanes T2 (unequal variances). Otherwise
Kruskal-Wallis-H-Tests were used for tank and treatment comparisons, and MannWhitney-U-Tests were conducted to compare replicates. As above, replicates were
pooled if no differences were detectable. For all data, post-hoc pairwise comparisons
were applied, if significant differences (exact p 5 0.05) between tanks or treatments
were found. False Discovery Rate corrections (FDR; Nichols and Hayasaka, 2003)
were applied to correct for false positives as multiple comparisons were involved.
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3. Results
3.1. Exposure concentrations and experimental conditions
Desired EE2-concentrations were slightly fluctuating (Suppl. Fig. 1). Solvent controls
and tadpole food were free of EE2, apart from study week 1 and 2, where traces of
EE2 (20 ng/L) were unexpectedly measured in two control tanks. All regularly
controlled water parameters matched the expected ranges (cf. Lutz et al., 2008).
Mean values and standard deviations were: temperature 22 ± 1°C, dissolved oxygen
88.7 ± 7.3%, pH 7.7 ± 0.2, ammonium 0.2 ± 0.02 mg/L, light intensity 226 – 415 lx,
conductivity 812 ± 21 4S/cm. Only in week 2 and 3, nitrate values were higher than
expected (6 – 12 mg/L); apart from these two measurements, mean nitrate values
were 1.7 ± 3.1 mg/L. Parameters from solvent controls were never different from those
of tanks with EE2.
3.2. Mortality
Inter-species differences in mortality were only observed between X. laevis and
H. arborea at the highest concentration. Total tadpole mortality of X. laevis was 6.8%
with the highest level in control groups (12.5%), lower numbers in T1 and T3 (5%) and
a moderate level in T2 (7.5%; Table 1), and was not dependent on EE2-concentration.
In H. arborea (tadpoles and metamorphs) total mortality comprised 9.3% with a very
high amount in T3 (20%). Mortality was much lower in controls and T1 (both 7.5%),
and T2 (2.4%). Nevertheless, differences between treatments and control groups
were not significant (Table 1). Although only 1.5% of female tree frogs died, but 7.2%
of males, this difference was not significant. Total mortality of B. viridis (tadpoles and
metamorphs) was 11.2%. Surprisingly, differences between the two replicates were
observed with a total mortality of 20.8% in replicate 1 (Bv_Mix) and only 2.5% in
replicate 2 (family GR13_11x12). However, differences were statistically not
supported and replicates were pooled. EE2 did not increase mortality as shown by
similar percentages in all groups (controls = 10.5%, T1 = 15.8%, T2 = 10.5%, T3 =
7.9%; Table 1). Mortality of B. viridis metamorphs was nearly the same in both sexes:
2.0% of females and 1.9% of males died.
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Table 1. Summary of effects of 171-ethinylestradiol on the gonadal and somatic
development of Xenopus laevis, Hyla arborea and Bufo viridis. Treatments comprised 50 ng/L
(T1), 500 ng/L (T2), and 5,000 ng/L (T3). (*) Significant difference between control and treatment
x

#

within the same species, ( ) between X. laevis and H. arborea, ( ) between H. arborea and
B. viridis. Histology was applied to 20 randomly chosen individuals per treatment. Numbers and
percentages of genetically sexed metamorphs are also shown; dead tadpoles were not sexed,
therefore n can be < 40 (< 38 for B. viridis). Genetic sexing was impossible in 4 H. arborea due to
DNA quality issues, and in 33 B. viridis due to homomorphy of microsatellites.

Xenopus laevis

Control

50 ng/L

n

n

%

500 ng/L

%

n

5,000 ng/L

%

n

%

x

x

Total mortality

5

12.5

2

5.0

3

7.5

2

5.0

Mortality of tadpoles

5

12.5

2

5.0

3

7.5

2

5.0

Mortality of metamorphs

0

0.0

0

0.0

0

0.0

0

0.0

Genetic females

24

68.6

22

57.9

20

54.1

21

55.3

Genetic males

11

31.4

16

42.1

17

45.9

17

44.7

Impaired gonadal gross morphology

9

25.7

9

23.7

3

8.1

10

26.3

Sterile gonads (Histology)

5

25.0

5

25.0

3

15.0

6

30.0

Weight (mg)

818 ± 181

789 ± 163

779 ± 182

836 ± 181

Snout-to-vent length (mm)

19.2 ± 1.4

19.1 ± 1.4

19.4 ± 1.4

19.9 ± 1.5

n

n

n

Hyla arborea

n

%

%

%

%

x

Total mortality

3

7.5

3

7.5

1

2.4

8

20.0

Mortality of tadpoles

2

5.0

3

7.5

0

0.0

3

7.5

x

Mortality of metamorphs

1

2.5

0

0.0

1

2.4

5

12.5

Genetic females

13

36.1

15

41.7

22

53.7

17

45.9

Genetic males

23

63.9

21

58.3

19

46.3

20

54.1

#

#

#

#

,#

,#

Impaired gonadal gross morphology

0

0.0

0

0.0

1

2.4

24*

64.9*

Underdeveloped gonads (Histology)

0

0.0

0

0.0

0

0.0

6*

30.0*

Yellowish skin colour

0

0.0

3

8.1

4

9.8

14*

36.8*

Weight (mg)

933 ± 133

950 ± 182

918 ± 200

884 ± 170

Snout-to-vent length (mm)

22.3 ± 1.4

22.5 ± 1.6

21.9 ± 2.1

21.1 ± 1.6*

Bufo viridis

n

%

n

%

n

%

n

%

Total mortality

4

10.5

6

15.8

4

10.5

3

7.9

Mortality of tadpoles

3

7.9

5

13.2

4

10.5

3

7.9

Mortality of metamorphs

1

2.6

1

2.6

0

0.0

0

0.0

Genetic females

13

52.0

11

45.8

15

55.6

12

44.4

Genetic males

12

48.0

13

54.2

12

44.4

15

55.6

Impaired gonadal gross morphology

0

0.0

5

#

15.2

2

10.0

1

5.0

Sterile gonads (Histology)

#

,#

,#

7*

21.2*

2

10.0

,#

,#

9*

25.7*

1

5.0

Weight (mg)

918 ± 300

971 ± 239

1005 ± 164

1114 ± 222*

Snout-to-vent length (mm)

20.7 ± 2.1

21.4 ± 1.4

21.5 ± 1.4

22.3 ± 1.8*
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3.3. Gonadal morphology and differentiation
In situ inspection of gonads revealed several anatomically visible impairments of
gonads in H. arborea and B. viridis. Such gonads differed in size and/or shape from
those of control metamorphs, and exhibited a deformed morphology (or suggested a
retarded development). In both species, gonadal impairments were correlated to EE2treatment. In H. arborea, 16.4% of metamorphs exhibited impaired gonads: none
occurred in controls and in T1, one individual in T2 (2.4%), and a very high number in
T3 (64.9%). Differences were significant between controls and T3 (p = 0.001)
(Table 1, Figs. 1 and 2). Affected females comprised 15.2%, males 17.1%, implying
no sex-specific susceptibility.
In B. viridis, 15.9% of metamorphs showed gonads with a retarded/ abnormal
morphology. While control animals did not show alterations of gonad gross
morphology, increasing numbers of impaired gonads were found with rising EE2concentrations (T1 = 15.2%, T2 = 21.2%, T3 = 25.7%; Table 1, Figs. 1 and 3) with
significant differences between controls and both higher concentrated treatments
(p(T2) = 0.011, and p(T3) = 0.002). No differences between females (18%) and males
(21.2%) were found in B. viridis. Susceptibility differences between H. arborea and
B. viridis were significant at all tested concentrations: 50 ng/L (T1; p = 0.021),
500 ng/L (T2; p = 0.019), and 5,000 ng/L (T3; p = 0.001).
Unexpectedly, in X. laevis, a high percentage of anatomically impaired gonads was
observed (33 of 148 individuals = 20.9%; Table 1) without apparent correlation to
EE2-treatment, i.e. occurring evenly distributed over controls (25.7%), T1 (23.7%) and
T3 (26.3%); only in T2 the amount was smaller (8.1%).
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Fig. 1. Gonads of Hyla arborea and Bufo viridis exhibiting an impaired morphology. Impaired
gonads occurred in H. arborea with 2.4% in T2 (500 ng/L), and 64.9% in T3 (5,000 ng/L); none
occurred in controls and T1 (50 ng/L). In B. viridis, gonadal impairments were observed with 15.2%
in T1 (50 ng/L), 21.2% in T2 (500 ng/L), and 25.7% in T3 (5,000 ng/L); none occurred in controls.
(*) Significant difference between controls and EE2-treatment within each species (p 5 0.011),
#

( ) significant difference between H. arborea and B. viridis at all concentrations (p 5 0.021).
Although impaired gonads were also observed in X. laevis, they are not shown because of EE2independency.
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Fig. 2. In situ photographs of anatomically visible impairments of gonads of Hyla arborea.
(A) Normal ovaries, (B) impaired ovaries (retarded development), (C) normal testes, (D) impaired
testes (retarded development) of European tree frogs. fb = fat body, k = kidney, o = ovary,
t = testis. Scale bars represent 1 mm.
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Fig. 3. In situ photographs of anatomically visible impairments of gonads of Bufo viridis. (A)
Normal ovaries, (B) impaired ovaries (retarded development), (C) normal testes, (D) impaired
testes (retarded development) of European green toads. Bo = Bidder´s organ, fb = fat body,
k = kidney, o = ovary, t = testis. Scale bars represent 1 mm. Note, in (D), only one of both gonads
is shown.

Histological investigations revealed a significant number (30%) of underdeveloped
gonads in tree frogs (H. arborea) at the highest concentration (5,000 ng/L; p = 0.02;
Table 1, Fig. 4 and Suppl. Fig. 2). These gonads were mainly in developmental stages
VI, VII and VIII, while control gonads were in advanced stages VIII and IX (categories
according to Ogielska and Kotusz, 2004; Ogielska and Batmanska, 2009). These
underdeveloped male and female gonads showed a retardation of growth and
differentiation in comparison to the controls. They were obviously smaller and most
importantly exhibited fewer germ cells. In underdeveloped ovaries, oocytes were less
abundant and smaller, and more oogonia were still present. Underdeveloped testes
were not round-shaped as normal testes, rather long-shaped, and seminiferous
tubules were irregular in shape and surrounded by abundant connective tissue. Some
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of these underdeveloped gonads were anatomically normally developed, while others
showed an impaired gross morphology; both parameters were not mutually exclusive.
Surprisingly, several sterile X. laevis were observed, but not correlated to EE2exposure (controls = 25%, T1 = 25%, T2 = 15%, T3 = 30%; Table 1). Some sterile
individuals were also observed in B. viridis, but with distinctly lower percentages
(controls = 10%, T1 = 5%, T2 = 10%, T3 = 5%; Table 1). Sterility was defined by a
drastically reduced number or even a complete lack or germ cells. In both species,
sterility was not associated with the genetic sex of individuals.

Fig. 4. Underdeveloped gonads of Hyla arborea. Histological sections of gonads from (A) normal
ovary (stage IX, two lobes), (B) underdeveloped ovary (stage VII), (C) normal testis (stage IX),
(D) underdeveloped testis (stage VII-VIII). Black arrows = diplotene oocytes in ovaries, white
arrows = seminiferous tubules in testes, white arrow heads = connective tissue (blue stained
collagen fibers) around seminiferous tubules, fb = fat body, m = meiocytes. Scale bars represent
100 µm. Note that the underdeveloped ovary (B) is smaller, not lobed, exhibits fewer and smaller
oocytes, and there are still more meiocytes present. The underdeveloped testis (D) is smaller,
rather long-shaped, and shows irregular shaped seminiferous tubules, less germ cells and
abundant connective tissue.
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3.4. Impairments of external and internal organs
Only very few, EE2-independent, externally visible impairments occurred (one
X. laevis and two H. arborea with crooked vertebrate columns, and one X. laevis with
malformed extremities) and none of the three species showed anatomically visible
impairments in their internal organ development (liver, kidneys, intestine, lungs).
However, after metamorphosis, some H. arborea developed an abnormally yellowish
skin color, showing a high treatment-dependency (controls = 0%, T1 = 8.1%,
T2 = 9.8%, T3 = 36.8%; Table 1, Fig. 5). Pairwise comparisons revealed highly
significant differences between controls and T3 (p = 0.001). No sex-linkage was
detected since 17.9% of females and 10.8% of males were affected.

EFCC898C8B

61

51
41
31
21
1
789AB8C

61

611

6D111

389F9ABA8999

Fig. 5. Abnormally yellowish skin color in Hyla arborea. Tree frogs with a yellowish skin color
occurred with 8.1% in T1 (50 ng/L), with 9.8% in T2 (500 ng/L), and with 36.8% in T3 (5,000 ng/L).
(*) Significant difference between controls and the highest EE2-treatment (p = 0.001).

3.5. Morphometrics: changes in body size and weight
Comparison of the three species revealed striking differences in their response to
EE2-treatment. Size (snout-to-vent length) and weight development of X. laevis
metamorphs did not show a concentration-dependent correlation. Mean size of
metamorphs was 19.4 mm, mean weight was 810 mg (Table 1, Fig. 6a, b). In
H. arborea T3, metamorphs in replicate 2 had an averagely shorter snout-to-vent
length than those in replicate 1 (p = 0.008), preventing us from pooling these data (but
only in the highest treatment). Nevertheless, with increasing EE2-concentrations,
metamorphs showed a trend to size reduction (mean sizes: controls = 22.3 mm,
T1 = 22.5 mm, T2 = 21.9 mm, T3 = 21.1 mm; Table 1, Fig. 6 c, d), which was
significant between controls (and T1) and T3 (p = 0.049). Despite the same trend for
the weight of tree frog metamorphs (lightest at highest, heaviest at lowest
concentration; mean weight: controls = 933 mg, T1 = 950 mg, T2 = 918 mg,
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T3 = 884 mg), differences were not found to be significant (Table 1, Fig. 6c, d). For
B. viridis metamorphs, snout-to-vent length and weight depended on EE2-exposure,
too. Contrasting to tree frogs, B. viridis showed an increase (instead of a decrease) of
snout-to-vent length and body weight with increasing EE2-concentration (means:
controls = 20.3 mm/918 mg; T1 = 21.4 mm/971 mg; T2 = 21.5 mm/1005 mg;
T3 = 22.3 mm/1114 mg; Table 1, Fig. 6e, f). Size and weight differences were both
significant between controls and T3 (size: p = 0.000, weight: p = 0.013).

Fig. 6. Boxplots of snout-to-vent length and body weight of EE2-exposed metamorphs.
(a) Snout-to-vent length and (b) weight of African clawed frogs (Xenopus laevis); not affected by EE2.
(c) Snout-to-vent length and (d) weight of European tree frogs (Hyla arborea); reduction of snout-to-vent
length with increasing EE2-concentrations, with significant size differences between controls and T3
(p = 0.049); differences in body weight were not significant. (e) Snout-to-vent length and (f) weight of
European green toads (Bufo viridis); increase of snout-to-vent length and weight with increasing EE2concentration, both significant between controls and T3 (for size p = 0.000, for weight p = 0.013).
(*) Significant difference to control group. Circles represent outliers; for means: Table 1.
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4. Discussion
In our previous work (Tamschick et al., 2016), we have focused on genetic and
histological sexing of metamorphs, after synchronized tadpole-exposure of X. laevis,
H. arborea and B. viridis to three EE2-concentrations (50, 500, 5,000 ng/L), and
revealed striking quantitative differences in genetic-male-to-phenotypic-female sex
reversal and mixed sex individuals in non-model vs. model species. In the present
paper, we concentrate on anatomy and histology of gonads to examine potential EE2effects on the sexual development. Furthermore, to infer impairments of the somatic
development, morphometrics

and internal

and external organ status

were

investigated.
4.1. Treatment-dependent changes of gonads in Hyla arborea and Bufo viridis
In H. arborea and B. viridis, gross morphological impairments associated with EE2exposure exhibited differences between both species. Contrasting to B. viridis, the
lowest concentration (50 ng/L) did not provoke any impaired gonads in H. arborea,
while the highest one (5,000 ng/L) resulted in much higher percentages (H. arborea:
64.9%, B. viridis: 25.7%). In addition, a high number of histologically visible
underdeveloped gonads, i.e. displaying retardation of development and differentiation
(i.e. germ cells were in an earlier developmental stage), was detected in H. arborea
(5,000 ng/L), suggesting a strongly decelerating effect of EE2 on gonad development.
We thus demonstrate that the “no observed effect concentration” (NOEC) and “lowest
observed effect concentration” (LOEC) for gonadal malformations differ between
species, with H. arborea exhibiting a higher NOEC and LOEC, and a much higher
susceptibility at 5,000 ng/L EE2. In the only EDC-study involving H. arborea and
B. viridis (Piprek et al., 2012), tadpoles were exposed to a very high and
environmentally not relevant concentration (100,000 ng/L) of E2, and in H. arborea,
histology revealed underdeveloped ovaries and an impaired testes development.
Numerous B. viridis exhibited undifferentiated gonads, but no sterility was detected,
and no gross morphological changes are reported in the two species (Piprek et al.
2012). Some of these differences to our findings may have resulted from the different
dissection time points. Piprek and colleagues (2012) dissected their study animals
immediately after completion metamorphosis, while we further raised metamorphs to
give them time for more advanced gonad development.
In contrast, after exposure of X. tropicalis to only 1.8 ng/L EE2, disrupted testicular
and oviductal development, and reduced fertility (decreased amount of spermatozoa)
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was found (Berg et al., 2009; Gyllenhammar et al., 2009). These impairments were
observed up to eight month after metamorphosis (Gyllenhammar et al., 2009).
Whether the anatomical and/or histological impairments observed in our study lead to
a loss of reproductive function is unknown and difficult to predict. However, some
anatomically impaired-looking gonads appeared histologically normal, and might not
necessarily result in infertility, while some of the retarded ones suggest restricted
fertility.
4.2. Treatment-dependent color changes in Hyla arborea
When raising H. arborea, a high number of metamorphs developed a yellow skin color
in all EE2-treatments apart from controls (8.1% in T1, 9.8% in T2, and 36.8% in T3).
Exogenously applied hormones have been shown to induce a change of body color in
anurans (Tang et al., 2014). The development of the skin color partly underlies a
hormonal control (Kidane et al., 2008; Mills and Patterson, 2009; Tang et al., 2014)
and EDCs can thus interfere with coloration phenotype. Furthermore, it was recently
shown that EE2 at environmentally relevant concentrations affects the hemoglobin
catabolism, leading to elevated biliverdin levels in the blood plasma of X. laevis
(Garmshausen et al., 2015). Those affected clawed frogs were characterized by a
yellowish skin color (pers. comm.). In conclusion, EE2-treatment may also have
disrupted the biliverdin metabolisms in tree frogs of our study.
4.3. Treatment-dependent changes of snout-to-vent length and weight
Inter-species comparisons revealed variation of EE2-effects on size and weight in all
three species (Fig. 6). We show that EE2-treatment has either an increasing
(B. viridis) or a decreasing (H. arborea) effect on snout-to-vent length and body mass,
or provokes no effects (X. laevis). A potential pathway leading to different effects of
EE2 on morphology could be the larval feeding behavior. While X. laevis filters
dissolved food particles from the water column and H. arborea feeds mostly on
surface particles, B. viridis is feeding on ground particles. In test tanks, dissolved EE2
is ingested, and later excreted by tadpoles. Feeding by toad larvae on ground
particles including excrements may thus increase the amount of re-ingested EE2.
Studies by Cevasco et al. (2008), Lutz et al. (2008) and Oka et al. (2006), who did not
find alterations in size and/or weight of metamorphosed X. laevis after treatment with
E2 or EE2, are in accordance with our results on this species. Similarly, no differences
in snout-to-vent length or body weight were found when X. tropicalis were exposed to
EE2 (Gyllenhammar et al., 2009). Morphometrics of H. arborea and B. viridis after
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EDC-exposure have been studied here for the first time, and thus no comparable
survey exists so far. However, a decreasing body size after treatment with E2 and
EE2 (as observed in tree frogs in our study) have been found in other taxa. In
zebrafish and Chinese rare minnow, EE2 treatment resulted in significantly reduced
length and weight (Xu et al., 2008; Zha et al., 2008). Similar to our findings in
B. viridis, an increased body length after EE2-exposure was detected in killifish
(Peters et al., 2010) and wood frogs (Rana sylvatica/Lithobathes sylvaticus;
Mackenzie et al., 2003), but not in the closely related R. pipiens (Mackenzie et al.,
2003). Hogan et al. (2006) additionally observed an increased body weight in
R. sylvatica after exposure to EE2 and E2, but contrasting to the study of Mackenzie
et al. (2003), body weight of R. pipiens was also increased. EE2-exposure of wood
frogs (Lithobates sylvaticus) showed no effect on body mass or snout-to-vent length
(Tompsett et al. 2013). These and our results support the view that divergent anuran
taxa differ in their responses to EE2, not only regarding their sexual development
(Tamschick et al., 2016), but also regarding their somatic development.
4.4. No observed effects of EE2 on external and internal organ development
In the present study, no effects of EE2 on internal organs (liver, kidney, intestine,
lungs), and no EE2-dependent malformations of extremities or vertebrate columns
were detected. Since most studies have focused on effects in reproductive organs,
very little information is available about EE2-effects on other organs in amphibians. An
example comes from Zha et al. (2008), who found severe lesions of kidneys and liver
in Chinese rare minnows (Gobiocypris rarus) at a concentration as low as 4 ng/L EE2,
but only on the histological level, which was restricted to gonads in our study.
4.5. EE2-independent sterility and morphological impairment of gonads
In X. laevis, independently occurring anatomically impaired and sterile gonads were
detected. In addition, among B. viridis, few individuals exhibited sterile gonads, as well
EE2-independently. We exclude the possibility that the solvent DMSO provoked these
phenomena, because its concentration was lower (0.00001%) than in other
experiments without any abnormalities (Christin et al., 2004; Dresser et al., 1992; Oka
et al., 2008). Although traces of EE2 (20 ng/L) were measured in two control tanks in
week 1 and 2, presumably caused by accidental sample contamination rather, they
appear unlikely causes, because this incident occurred well before the critical period
of gonad differentiation (NF stage 51/52 for X. laevis, Gosner stage 34 for H. arborea,
Gosner stage 42 for B. viridis; Haczkiewicz and Ogielska, 2013; Hayes et al., 2006b;
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Piprek et al., 2012; Piprek and Kubiak, 2014; Villalpando and Merchant-Larios, 1990).
In conclusion, it can only be speculated that both X. laevis and B. viridis progeny used
in our study had a genetic predisposition to partially develop sterile and/or impaired
gonads.
5. Conclusions
We provide evidence for differences in the susceptibility of model and non-model
anurans to the endocrine disruptor 17α-ethinylestradiol, in both, sexual and somatic
development. The three investigated species X. laevis, H. arborea and B. viridis
differed strikingly in their response to exposures of environmentally relevant as well as
higher concentrations of EE2. EE2 had various effects on somatic and sexual
development, and different parameters are affected in different intensities in each of
the three species. In conclusion, since we have shown major susceptibility differences
between model and non-model species, results of previous EDC-studies on the model
species X. laevis cannot simply be applied or extrapolated to other anuran taxa.
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Suppl. Table 1. Sample IDs, replicate number, origin and numbers of experimental animals.
European tree frogs (Hyla arborea) and European green toads (Bufo viridis) were caught in the
wild, African clawed frogs (Xenopus laevis) came from a lab stock. Repl. = Replicate.

Family ID

Repl.

Ha_Mix

H. arborea

1

Ha_Mo×La

H. arborea

2

Bv_Mix

Species

B. viridis

1

Locality
Greece, Crete,
Thrapsano
Greece, Crete,
Mochos
Greece, Crete
Mochos (mother)
Greece, Crete,
Lasithi Plateau (father)
Greece, Crete,
Thrapsano
Greece, Naxos

Long.

Lat.

35.185

25.303

35.247

25.442

35.247

25.442

35.193

25.432

35.185

25.303

36.975

25.493

Bv_GR13_
11x12

2

B. viridis

Greece, Crete,
Lasithi Plateau

35.193

25.432

Xl_Gr. 8

1

X. laevis

Lab stock IGB

-

-

Xl_Gr. 9

2

X. laevis

Lab stock IGB

-

-

Number of
individuals
40 siblings and
40 mixed
offspring
DNA of
parents,
81 siblings
40 siblings and
32 siblings
DNA of
parents,
80 siblings
DNA of
parents,
80 siblings
DNA of
parents,
80 siblings

Suppl. Fig. 1. Concentrations of 172-ethinylestradiol over the entire length of the
experiment. Desired and measured concentrations of EE2 (logarithmic scale). Nominal EE2concentrations comprised 50 (green line), 500 (blue line) and 5,000 (red line) ng/L. Test
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concentrations were determined weekly using HPLC-MS/MS.
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Suppl. Fig. 2. Underdeveloped gonads of Hyla arborea. Underdeveloped gonads occurred only
at the highest EE2-treatment (T1; 5,000 ng/L) and with a significant difference (p = 0.02) to
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controls (*).
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Highlights:
•

EDC-vulnerability of amphibians requires testing pollution-relevant concentrations

•

Simultaneous bisphenol A (BPA)-exposure of clawed frogs, tree frogs and green toads

•

Flow-through-system, genetic sexing, histopathology as high standard approaches

•

Species-specific anatomical and histological gonad malformations, no sex reversals

•

Model and non-model species differ in their somatic development due to BPA
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Abstract
Due to their terrestrial habitats and aquatic reproduction, many amphibians are both
very vulnerable and highly suitable bioindicators. The plasticizer bisphenol A (BPA) is
one of the most produced chemical substances worldwide, and knowledge on its
impacts on humans and animals is mounting. BPA is used for the industrial production
of polycarbonate plastics and epoxy resins and found in a multitude of consumer
products. Studies on BPA have involved mammals, fish and the fully aquatic anuran
model Xenopus laevis. However, our knowledge about the sexual development of
non-model, often semi-terrestrial anuran amphibians remains poor. Using a recently
developed experimental design, we simultaneously applied three concentrations of
BPA (0.023, 2.28 and 228 µg/L) in a high-standard flow-through-system to two nonmodel species (Hyla arborea, Hylidae; Bufo viridis, Bufonidae) and the model X. laevis
(Pipidae), compared their genetic and phenotypic sex to detect sex reversals, and
studied the sexual development, focusing on anatomical and histological features of
gonads. We compared resulting effects between the three species to test whether
conclusions drawn from the model species can be extrapolated to non-model anurans.
In contrast to previous studies on fish and Xenopus, often involving dosages much
higher than most environmental pollution data, we show that BPA causes neither the
development of mixed sex nor of sex-reversed individuals (only few, seemingly BPAindependent sex reversals) in all focal species. However, environmentally relevant
concentrations, as low as 0.023 µg/L, were sufficient to provoke species-specific
anatomically and histologically detectable malformations of gonads and affected
morphological traits of metamorphs. As the intensity of these effects differed between
the three species, our data imply that BPA diversely affects amphibians with different
evolutionary history, sex determination systems and larval ecologies. This highlights
the role of amphibians as sensitive organismal group that mirrors the impacts of
environmental pollution.
Capsule abstract
Genetic sexing and histology reveal pollution-relevant BPA-concentrations to cause
species-specific gonadal and somatic malformations in amphibians from three
systematic families.
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1. Introduction
Natural or synthetic endocrine disrupting compounds (EDCs) are increasingly
detected in the aquatic environment. These substances act as agonists or antagonists
of hormones, hormone receptors and their pathways, and thus interfere with the
endocrine system of animals (Aris et al., 2014; Bhandari et al., 2015; Vandenberg et
al., 2009). In the last decades, bisphenol A (BPA) has received enormous attention
from scientists, politicians and the public. With more than two million tons per year it is
one of the most produced chemicals worldwide (Burridge, 2003), and evidence that
BPA affects humans and animals is mounting (Bhandari et al., 2015; Braun et al.,
2011, 2009; Canesi and Fabbri, 2015). BPA is a synthetic organic compound used for
the manufacturing of polycarbonate plastics and epoxy resins and is thus found in a
multitude of consumer products, such as thermal receipts, water pipes, sport and
medical equipment, toys and electronics (Bhandari et al., 2015; Kang et al., 2007;
Vandenberg et al., 2007). Additionally, it is used for internal coatings of tin cans, food
containers and plastic bottles, from where it leaches into foods and beverages (Kang
and Kondo, 2002; Le et al., 2008; Wong et al., 2005). Although often termed a
“xenoestrogenic” compound, once incorporated, BPA is able to bind several hormone
receptors (e.g. estrogen, androgen, thyroid hormone receptors in brain, liver and
gonads) and thus impairs the normal endocrine pathways (Flint et al., 2012;
Vandenberg et al., 2013; Watson et al., 2011). In fact, BPA has been detected in a
variety of human tissues and fluids (Vandenberg et al., 2009, 2007; vom Saal et al.,
2012). In mice it has been shown to advance female puberty (Howdeshell et al., 1999)
and causes abnormalities of reproductive organs (Gupta, 2000; Markey et al., 2005,
2001; Vandenberg et al., 2008; Vom Saal et al., 1998). In 2015, the European Food
Safety Authority (EFSA) conducted a reassessment of BPA and lowered the safe level
of incorporation from 50 µg/kg bodyweight/day to 4 µg/kg. Nevertheless, EFSA stated
that BPA "poses no health risk to consumers of any age group (including unborn
children, infants and adolescents) at current exposure levels” (www.efsa.europa.eu).
However, through the increasing introduction of man-made plastic waste as well as
industrial and municipal wastewater, BPA is found ubiquitously in surface and ground
waters with increasing concentrations (Crain et al., 2007; Flint et al., 2012). Aquatic
BPA has been detected at levels of 2 0.27 µg/L in Germany, 2 0.32 µg/L in the United
States, 2 21 µg/L in the Netherlands, and up to 2 740 µg/L in Japan (Belfroid et al.,
2002; Bolz et al., 2001; Kawagoshi et al., 2003; Kolpin et al., 2002; Kuch and
Ballschmiter, 2001; Rudel et al., 1998). Although BPA seems to degrade quickly (half
life time 3 to 24 hours; Gallard et al., 2004; Stahlhut et al., 2009), because of
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continuous input, its presence in the environment remains high. When observing
effects of EDCs in the limnic environment, fish and amphibians are the most
endangered vertebrates (Caldwell et al., 2008). Due to their highly permeable skin
and, in most species, aquatic larval phase, dissolved chemicals can easily enter the
body of amphibians and impair their somatic and sexual development by interference
with the organisms’ hormonal control. In addition, most amphibians are terrestrial as
adults, and are thus also potential recipients of EDCs found in the terrestrial
environment (Bhandari et al., 2015; Kloas, 2002; Orton and Tyler, 2014). Several
studies testing effects of BPA on the somatic development of amphibians have been
conducted and multiple negative outcomes were observed. Most of these experiments
investigated the African clawed frog Xenopus laevis, however, at very high,
environmentally unrealistic doses. In this model species, treatments reaching from
4,560 to 11,400 3g/L BPA resulted in mostly complex effects, including suppression of
organogenesis, scoliosis (crooked vertebrate column), malformations of abdomen and
the head (including eyes), and shortened the body length (Imaoka et al., 2007;
Iwamuro et al., 2003; Oka et al., 2003; Sone et al., 2004). A delayed metamorphosis
of clawed frog tadpoles was observed at a concentration of 2,280 3g/L BPA (Iwamuro
et al., 2003). Other negative effects on the somatic development, namely delayed
metamorphosis, reduced body size and microcephaly with mouth malformations, were
also observed in two distantly related (more than 200 million years divergence) ranid
and bufonid non-model species: at 2,280 3g/L BPA in the ranid frog Rana
chensinensis (Canesi and Fabbri, 2015) and between 1,250 and 40,000 3g/L in the
bufonid toad Rhinella arenarum (Wolkowicz et al., 2014). In two studies investigating
the same endpoints in the model X. laevis at lower concentrations (0.83 to 497 3g/L),
no effects on growth, somatic development or metamorphosis were observed (Levy et
al., 2004; Pickford et al., 2003). In contrast, in another model species from the
Pipidae, X. tropicalis, after exposure to only 2.3 3g/L BPA (Kashiwagi et al., 2008)
inhibition of metamorphosis was observed, and in a non-model ranid species, Rana
rugosa, at 228 3g/L (Goto et al., 2006). Due to BPA's estrogenic potency (Levy et al.,
2004; Matthews et al., 2001), it has been in the focus of studies on sexual
development, but mostly in fish. For anuran amphibians, only very few studies focused
on the sexual development. In male amphibians, BPA, by binding to estrogen
receptors in the liver, induces the synthesis of vitellogenin, the egg yolk precursor
protein (Bhandari et al., 2015; Canesi and Fabbri, 2015; Gye and Kim, 2005; Kloas et
al., 1999). Other feminization effects have been determined via skewed sex ratios. In
X. laevis, treatment with 22.8 3g/L BPA resulted in sex ratios with approximately 62%
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to 70% females (Kloas et al., 1999; Levy et al., 2004), but no feminization occurred at
higher or lower doses (228 or 2.28 3g/L). In contrast, in a concentration range from
0.83 to 497 3g/L, sex ratios of X. laevis appeared unaffected (Pickford et al., 2003).
To our knowledge, the present study is the first on non-model anurans from the
Hylidae and Bufonidae that focuses on the sexual development under BPA-exposure.
We aimed at testing whether previous results obtained in the model X. laevis (Pipidae)
are applicable to the European non-model anurans Hyla arborea (European tree frog)
and Bufo viridis (European green toad), or if we find susceptibility differences between
these anuran lineages (cf. Tamschick et al., 2016). The Pipidae diverged from the
Neobatrachia, including Bufonidae and Hylidae, more than 206 million years ago
(www.timetree.org), and there are notable differences in their ecotoxicologically
relevant genome composition (e.g. Helbing, 2012), feeding behavior and larval
ecology. While X. laevis tadpoles are filter-feeders on suspended algae, H. arborea
uses water surface particles (or rasps organic material from plants or stones), and
B. viridis mostly consumes algae and detritus. These ecological differences might
cause variance in EDC-exposure, especially between ground-feeding and filterfeeding larvae. Importantly, these species also differ in their sex determination
systems with either male heterogamety (XX/XY) in H. arborea (Berset-Brändli et al.,
2006; Stöck et al., 2011a, 2011b; Tamschick et al., 2015) and B. viridis (Stöck et al.,
2011a; Tamschick et al., 2015) or female heterogamety (ZZ/ZW) in X. laevis (Chang
and Witschi, 1956; Yoshimoto et al., 2008).
Using a high-standard flow-through-system under identical experimental conditions,
we simultaneously exposed larvae of H. arborea, B. viridis and the well-investigated
but deeply diverged model species X. laevis to BPA. Our study applies genetic sexing
and histology to detect potential feminizing effects and impairments of a normal
somatic and sexual development in metamorphs.
2. Material and Methods
2.1. Study animals
Xenopus laevis tadpoles were obtained from the breeding stock at the Leibniz-Institute
of Freshwater Ecology and Inland Fisheries (IGB). Induction of spawning and rearing
of tadpoles followed Lorenz et al. (2011). Parts of clutches of H. arborea and B. viridis
were sampled at several localities in Greece (Table 1), transferred to IGB in glass
bottles with pond water and acclimated in aquaria containing 10 L Milli-Q grade water
supplemented with 2.5 g marine salt (Tropic Marin Meersalz, Tagis, Germany).
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Table 1: Sample IDs, replicate number, origin and numbers of experimental animals.
European tree frogs (Hyla arborea) and European green toads (Bufo viridis) were caught in the
wild, African clawed frogs (Xenopus laevis) came from a lab stock. Repl. = Replicate.
Family ID

Repl. Species

Ha_Thrapsano

1 & 2 H. arborea

Locality
Greece, Crete,
Thrapsano I
Greece, Crete,
Thrapsano II
Greece, Crete,
Potamies
Greece, Crete,
Mochos

Number of
individuals

Long.

Lat.

35.185

25.303

35.177

25.286

161 mixed
offspring,
partly siblings

35.255

25.388

80 siblings

35.263

25.422

80 siblings

Bv_Potamies

1

B. viridis

Bv_Mochos

2

B. viridis

Xl_Pair 7

1

X. laevis

Lab stock IGB

-

-

Xl_Pair 8

2

X. laevis

Lab stock IGB

-

-

DNA of parents,
80 siblings
DNA of parents,
80 siblings

2.2. Regular evaluation of exposure concentrations
Bisphenol A (BPA; 4 99%, Sigma-Aldrich, Germany) was dissolved in dimethyl
sulfoxide (DMSO; 4 99.5%, Roth, Germany) and mixed with Milli-Q grade water to
prepare stock solutions. BPA was applied in three final concentrations: 0.023 µg/L
(treatment 1; T1), 2.28 µg/L (T2) and 228 µg/L (T3). Control animals were exposed to
DMSO-solution only (concentration in all tanks 0.00001%). Exposure-concentrations
in test tanks and/or stock solutions were quantified weekly by high performance liquid
chromatography (HPLC), the values were assessed by fluorescence detection. All
analyses were performed on a Dionex Ultimate 3000 HPLC using a Nova-Pak C18
column (3,9 * 300 mm, 4 µm), column oven temperature was set at 25°C, the gradient
conditions were kept isocratic 45% of 0,1% formic acid and 55% of methanol at a
constant flow rate of 0,8 ml/min. The fluorescence detector approaches were set to
excitation of 275 nm and emission of 300 nm, which is the substance specific
wavelength to detect BPA. Due to a limited detection range (0.1 to 2.5 3g/ml),
controls, T1 and T2 had to be preconcentrated prior to BPA-measurements: water
samples were filtered through a glass fiber filter to remove particles, which may
otherwise block the cartridge. To all water samples 2.5 g sodium chloride (NaCl) per
liter were added and the pH adjusted (pH = 2), using 2 M hydrochloric acid (HCl). The
C18 cartridges (SolEx C18, 500 mg; Thermo Fisher Scientific) were automatically
processed, using a Dionex Autotrace 280 (Thermo Scientific): cartridges were first
conditioned with 5 ml methanol and 5 ml water (pH = 2), then water samples (controls
and T1 2000 ml, T2 500 ml) were transferred simultaneously through the cartridges,
followed by a drying step with nitrogen for 20 min. The elution of the cartridges was
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operated automatically with 6 ml methanol. Samples were evaporated to dryness
under a nitrogen stream using a rotary vaporizer. Residues were then dissolved in a
mix of methanol and 0.1% formic acid (controls and T1 in 200 µl, T2 in 1 ml) and
measured with HPLC. Concentration T3 was measured directly without prior sample
preparation.
2.3. Other experimental conditions
BPA-exposure started when tadpoles began to swim independently and distinctly prior
to the sensitive phase of sex determination. In H. arborea and B. viridis this
corresponds to stage 22/23 (Gosner, 1960), in X. laevis to stage 42-44 (Nieuwkoop
and Faber, 1994). Twenty randomly chosen individuals were transferred to each test
tank in a high-standard flow-through-system, using nonchlorinated municipal water
passing several filters and UV sterilization (cf. Lutz et al., 2008). Each concentration
and controls were applied in two replicates; in total 160 tadpoles per species were
examined (accidently 161 for H. arborea). BPA-solutions were piped via a peristaltic
pump (Masterflex®, Cole-Parmer Instrument Company, USA) from stock bottles into
a mixing chamber, diluted 1:100 to their final concentrations and then supplied to a
cluster of three test tanks. Therefore, concentrations were ensured to be exactly the
same for the three species in each experimental group. A 12/12 hours light/dark cycle
was applied (200 to 400 lx during light period), temperature was held at 22°C ± 1°C
and tanks were permanently aerated and cleaned regularly. Temperature, air supply
and BPA-flow-rate were checked daily, light intensity and water chemistry parameters
(dissolved oxygen, nitrate, ammonium, pH, conductivity) weekly. All tadpoles were fed
with SeraMicron (Sera, Germany) according to Lutz et al. (2008); Hyla and Bufo were
additionally fed with TetraMin (Tetra, Germany) due to different food requirements (cf.
Tamschick et al., 2016). Tadpoles were inspected daily, dead individuals were
removed and mortality was recorded. After completion of metamorphosis, H. arborea
and B. viridis were transferred to glass terraria (around Gosner stage 46) to imitate
natural conditions where metamorphs leave water. Terraria contained bowls with
water from the flow-through-system (BPA-free) and animals were fed with Drosophila.
Dissection of H. arborea and B. viridis was performed after sufficient postmetamorphic differentiation of gonads two to four weeks after metamorphosis,
according to Ogielska and Kotusz (2004). Xenopus laevis were dissected at
Nieuwkoop-Faber stage 66.
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2.4. Dissection, anatomical and histological examination
Animals were first inspected for potential external morphological changes in body
shape, such as malformations of extremities or the vertebrate column. Animals were
euthanized by immersion in tricaine methanesulfonate (MS222; Sigma-Aldrich), body
weight and snout-vent-length were measured, and then killed by decapitation. Thigh
muscle tissue was stored in 100% ethanol at -20°C for later DNA extraction. After
ventrally opening the body cavity, internal organs, especially gonads, were inspected
for abnormalities and photographed in situ using a binocular microscope (Olympus
SZX7) with an attached Olympus DT5 camera. For better visualization, a drop of
fixative (Bouin’s solution; Sigma-Aldrich) was added to translucent gonads.
Phenotypic sexes were preliminary identified based on gross gonadal anatomy. For
histology, bodies with gonads in natural anatomical positions were fixed in Bouin’s
solution for 24 h and subsequently rinsed several rounds in 70% ethanol, until the
solution was no longer yellowish. The gonads were then separated from adjoining
tissues and photographed using Stemi SV11 (Zeiss) microscope and a cooled Carl
Zeiss AxioCam HRc CCD camera. Anatomically visible size deviations of gonads
between control and exposed animals were recorded using scaled macrophotographs.
In ovaries, when lobes were thick and abundant, they were considered normal; fewer
or shorter lobes were classified as smaller. Due to their compact structure, size
classification of testes was straightforward.
Histological sections were prepared for 50% of all study animals (10 randomly chosen
individuals per tank, i.e. 20 per experimental group) without prior information on
genetic sex. Analyses were performed according to Haczkiewicz and Ogielska (2013),
Ogielska et al. (2010) and Ogielska and Kotusz (2004): gonads were embedded in
paraplast, sectioned on a Leica RM 2255 microtome into 7 µm thick longitudinal
sections, stained with Mallory’s trichrome, and examined using a Zeiss Axioskop 20
microscope. Images were acquired by a cooled Carl Zeiss AxioCam HRc CCD
camera. Histological samples were screened slide by slide to phenotypically sex
individuals and for detection of abnormalities, such as alterations in morphology or
differentiation, or mixed sex gonads. Females were characterized by typical ovarian
structures (oogonia, early oocytes, diplotenes, ovarian cavities), while male gonads
were recognized by testicular structures (spermatogonia, spermatocytes, seminiferous
tubules, rete testis).
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2.5. DNA extraction, PCRs and genotyping
DNA extractions were performed using a Qiagen BioSprint 96 DNA Plant Kit together
with the BioSprint robotic workstation (Qiagen, Germany) at the Museum für
Naturkunde (Leibniz-Institute for Evolution and Biodiversity Research, Berlin). DNAs
were eluted in 200 µl AE buffer (Qiagen) and stored at -20°C. To establish genetic
sex, species-specific polymerase chain reactions (PCRs) were conducted with
subsequent gel electrophoresis and genotyping as described in Tamschick et al.
(2016). Only frogs and toads that completed metamorphosis were genetically sexed.
Dead tadpoles were excluded from all further analyses (except for mortality
calculations) because gonads were not suitable for histology. For detection of
potential sex reversals, genotype and phenotype of each metamorph were directly
compared.
2.6. Statistical analyses
All data were analyzed using SPSS Statistics 22 (IBM, Armonk, NY). Species and
treatments were each compared regarding intra- and inter-specific differences in BPAsusceptibility. For assessment of size and weight, data of animals per tank/treatment
were first tested for normal distribution (Kolmogorov-Smirnov-Test). If data were
normally distributed, a One-Way ANOVA was performed using either Bonferroni
(equal variances) or Tamhanes T2 (unequal variances) testing. Otherwise KruskalWallis-H-Tests were used for tank/treatment comparisons. Before testing for treatment
differences, Mann-Whitney-U-Tests were conducted to compare replicates. If no
significant differences (exact p 4 0.05) between both replicates of each treatment were
found, animals were pooled and analyses were conducted comparing control and
exposure groups. For assessment of nominally scaled data (mortality, abnormalities of
external and internal organs, mixed sex and sex reversal), cross-tabulations were
applied using 2-sided Chi square tests (5 = 0.05) for overall comparisons and 2-sided
Fisher´s exact test for pairwise testing. As above, replicates were pooled if no
differences were detectable (exact p 4 0.05). Post-hoc pairwise comparisons and
False Discovery Rate corrections (FDR; Nichols and Hayasaka, 2003) were applied to
correct for false positives as multiple comparisons were involved. Percentages were
calculated in SPSS and graphs were drawn using Microsoft Excel 2010.
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3. Results
3.1. Evaluation of BPA-concentrations in exposure tanks and other experimental
conditions
Except for a single measurement in study week 1 (0.05 ng/L BPA in one control tank)
all controls were free of BPA. Under all three treatments (T1, T2, T3), the measured
BPA-concentrations were slightly lower than expected (Fig. 1). Throughout the
experiment, all regularly controlled water parameters matched the expected ranges
(cf. Lutz et al., 2008); their means and standard deviations comprised temperature 22
± 1°C, dissolved oxygen 86.17 ± 10.2%, pH 7.8 ± 0.2, ammonium 0.1 ± 0.06 mg/L,

12345675879AB9C67 DEF

nitrate 1.93 ± 2.54 mg/L, light intensity 145 – 436 lx, conductivity 794 ± 15 3S/cm.
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Fig. 1. Experimental concentrations of bisphenol A in tanks. Nominal BPA-concentrations
comprised 0.023 (T1; green line), 2.28 (T2; blue line) and 228 (T3; red line) µg/L. Controls were
free of BPA, apart from one measurement in study week 1 (0.05 ng/L in one tank); see text for
technical details on measurements.

3.2. Mortality
BPA had no effect on mortality of tadpoles or metamorphs. Although X. laevis
exhibited lower mortality than the two non-model species, no significant inter-species
differences were observed (Table 2). Only two clawed frog tadpoles died, one in a
control group and one in T2. Total mortality (including tadpoles and metamorphs) in
H. arborea and B. viridis was 10% and 5% in controls, 15% and 10% in T1, 20% and
15% in T2 and 7.3% and 10% in T3. In H. arborea, only one individual died after
metamorphosis, 20 died as tadpoles. In contrast, in B. viridis, two individuals died as
tadpoles and 14 died after metamorphosis in terraria (Table 2).
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3.3. Mixed sex and sex reversal
No mixed sex individuals were observed, in none of the species. Four sex-reversed
individuals were detected, however, with contrasting developmental backgrounds: in
X. laevis two sex reversals occurred in T1, one feminization (genetic male to
phenotypic female) and one masculinization (genetic female to phenotypic male). In
T1 of B. viridis, two genetic females underwent masculinization. Histological
examination of sex-reversed animals showed a normally developed female or male,
respectively, whose gonads did not differ from those of control animals, but in
opposition to their genetic sex. One of the masculinized B. viridis metamorphs (T1)
had a smaller gonad when compared to control animals, the other one exhibited a
metameric structure, typical of early developmental stages (see 3.4.).
3.4. Anatomical malformations of gonads
Among H. arborea and B. viridis, several individuals had smaller gonads than control
animals (8.5% of tree frogs, 10.1% of green toads). Differences were neither
significant within nor between both species.

In H. arborea, one male showed a

smaller gonad each in controls and T2, while numbers were higher in T1 (11.8%) and
T3 (15.8%; Table 2, Figs. 2 and 3). Female tree frogs were affected with 6.5%, males
with 10.1%. In B. viridis, one control male showed a smaller testis, but more animals
were affected in all BPA-treatments: 15% in T1, 10% in T2, 13.2% in T3 (Table 2,
Figs. 2 and 4). Affected females of B. viridis comprised 9.8%, males 10.7%.

Fig. 2. Small gonads in Hyla arborea and Bufo viridis males and females. Number of
metamorphs with reduced gonad size. In H. arborea, one individual with small gonads was
observed each in controls and T2 (2.28 µg/L), while 11.8% occurred in T1 (0.023 µg/L), and 15.8%
in T3 (228 µg/L). In B. viridis, one individual with small gonads was observed in controls, 15% in T1
(0.023 µg/L), 10% in T2 (2.28 µg/L), and 13.2% in T3 (228 µg/L).
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Fig. 3. Photographs of anatomical aspects of normal and small gonads in Hyla arborea.
(a) Normal ovary, (b) small ovary, (c) normal testis, (d) small testis. Scale bars represent 1 mm.
fb = fat body, o = ovary, t = testis.

Fig. 4. Photographs of anatomical aspects of normal and small gonads in Bufo viridis.
(a) Normal ovary, (b) small ovary, (c) normal testis, (d) small testis. Scale bars represent 1 mm.
Bo = Bidders’ organ (characteristic of bufonid gonads), fb = fat body, o = ovary, t = testis.

Furthermore, in B. viridis, testes of some individuals were composed of several
segments instead of a single proximal part and an expected physiologically
degenerating (or remnants of the already degenerated) distal part. These segmented
structures were visible both in the proximal and distal parts of gonads and occurred in
all treatments, but not in controls (T1 = 5.6%, T2 = 30%, T3 = 26.3%; Table 2, Figs. 5
and 6). Comparison of treatment and control groups revealed a significant difference
to T2 (p = 0.02).
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Fig. 5. Histological sections of normal and segmented testes in Bufo viridis. (a) Normal testis,
(b) segmented testis. Scale bars represent 100 µm. Bo = Bidder’s organ (characteristic of bufonid
gonads), t = testis, arrows = additional segment of testis (gonomere), arrow heads =
spermatogonia. Note that in (b) the Bidder’s organ is not present.

8F$879898%98%D&






'




679A6!

"
"#
12345675879AB9C67C7EF

#

Fig. 6. Number of Bufo viridis males with segmented testes. None occurred in controls, 5.6% in
T1 (0.023 µg/L), 30% in T2 (2.28 µg/L), and 26.3% in T3 (228 µg/L). (*) Comparison of treatment
and control groups revealed a significant difference to T2 (p = 0.02).
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Table 2: Summary of effects on the somatic and sexual development in Xenopus laevis,
Hyla arborea and Bufo viridis. Treatments comprised 0.023 µg/L (T1), 2.28 µg/L (T2), and
228 µg/L (T3). Shown are also numbers and percentages of genetically sexed metamorphs; dead
tadpoles were not sexed, therefore N can be < 40. Histology was applied to 20 samples per
treatment. (*) = Significant difference between control and treatment group within the same
species.

(1)

= Sex reversal from genetic male to phenotypic female (feminization).

(2)

= Sex reversal

from genetic female to phenotypic male (masculinization). Note that 2 X. laevis (T1) did not reach
metamorphosis until completion of the experiment and were excluded; accidently, 41 instead of 40
H. arborea were exposed in T3; in B. viridis, 1 individual (T2) could not be genetically sexed due to
contradicting results of markers.
Control

0.023 µg/L

2.28 µg/L

228 µg/L

Xenopus laevis

n

%

n

%

n

%

n

%

Total mortality

1

2.5

0

0.0

1

2.5

0

0.0

Mortality of tadpoles

1

2.5

0

0.0

1

2.5

0

0.0

Mortality of metamorphs

0

0.0

0

0.0

0

0.0

0

0.0

Genetic females

17

43.6

20

52.6

18

46.2

13

32.5

Genetic males

22

56.4

18

47.4

21

53.8

27

67.5

2.6

0

0.0

0

0.0

(1),(2)

Sex-reversed

0

0.0

2

Big lumen in testis tubules

0

0.0

3

27.3

0

0.0

11*

73.3*

Reduced number of germ cells

0

0.0

6*

54.5*

3

33.3

3

20.0

Weight (mg)

658 ± 134

580 ± 165*

622 ± 128

641 ± 165

Snout-to-vent length (mm)

18.0 ± 1.3

17.4 ± 1.5

17.7 ± 1.2

17.9 ± 1.4

Hyla arborea

n

%

n

%

n

%

n

%

Total mortality

4

10.0

6

15.0

8

20.0

3

7.3

Mortality of tadpoles

4

10.0

6

15.0

7

17.5

3

7.3

Mortality of metamorphs

0

0.0

0

0.0

1

2.5

0

0.0

Genetic females

16

44.4

15

44.1

14

42.4

17

44.7

Genetic males

20

55.6

19

55.9

19

57.6

21

55.3

Small gonads

1

2.8

4

11.8

1

3.0

6

15.8

0

0.0

2

5.9

1

3.0

2

5.3

Yellowish skin colour
Weight (mg)

1244 ± 166

1094 ± 208

1134 ± 204

1030 ± 119*

Snout-to-vent length (mm)

25.2 ± 1.1

24.4 ± 1.3

24.5 ± 1.9

23.8 ± 1.1*

Bufo viridis

n

%

n

%

n

%

n

%

Total mortality

2

5.0

4

10.0

6

15.0

4

10.0

Mortality of tadpoles

0

0.0

0

0.0

0

0.0

2

5.0

Mortality of metamorphs

2

5.0

4

10.0

6

15.0

2

5.0

Genetic females

21

52.5

22

55.0

20

51.3

19

50.0

Genetic males

19

47.5

18

45.0

19

48.7

19

50.0

2.5

0

0.0

0

0.0

(2)

Sex-reversed

0

0.0

2

Small gonads

1

2.5

6

15.0

4

10.0

5

13.2

Segmented testes

0

0.0

1

5.6

6*

30.0*

5

26.3

Weight (mg)

814 ± 181

841 ± 247

784 ± 230

878 ± 266

Snout-to-vent length (mm)

21.7 ± 1.8

21.6 ± 2.3

20.8 ± 2.7

21.9 ± 2.5

108

Paper 4

3.5. Histologically detectable changes in gonads
In H. arborea and B. viridis, no BPA-dependent changes of the gonadal tissues
occurred, although one tree frog female and three green toad females exhibited a
reduced number of germ cells. Anatomically detectable segmented testes of B. viridis
had a well-differentiated proximal part containing numerous primary spermatogonia,
and somatic compartments composed of rete testis and further Sertoli and interstitial
cells. The distal segments (remnants of metameres that normally degenerate) were
well developed and resembled the proximal part in their degree of differentiation.
A histologically visible and BPA-dependent impairment of the gonadal development
was observed only in X. laevis. In T1 and T3, 27.3% and 73.3% of histologically
investigated male clawed frogs developed an abnormally big lumen in their
seminiferous tubules (Table 2, Figs. 7 and 8), while control and T2 males showed
normally developed testes with solid cords (further tubules). Differences between
controls and T3 were highly significant (p = 0.001). In addition, a reduced number of
germ cells was detected in X. laevis, with males (26.7 %) being significantly more
affected than females (p = 0.047). Females comprised three individuals (8.6%). Only
in males, the lowered germ cell number was BPA-dependent (54.5% in T1, 33.3% in
T2 and 20% in T3; Table 2, Figs. 7 and 9). Differences were significant between
controls and T1 (p = 0.012). The enlarged lumen and the reduced number of germ
cells occurred mostly independently from each other, with only six out of 26 individuals
exhibiting both characters.

Fig. 7. Histological sections of a normal testis, and testes with abnormally big lumen in
seminiferous tubules and reduced number of germ cells of Xenopus laevis. (a) Normal testis,
(b) testis with big lumen in the seminiferous tubules (c) testis with low number of germ cells. Scale
bars represent 100 µm. fb = fat body, t = testis, arrows = lumen in seminiferous tubules, arrow
heads = spermatogonia. Note that in (b) also fewer germ cells are present than in the normal
gonad, and that in (c) only a single spermatogonium is visible, the remaining cells are somatic.
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Fig. 8. Numbers of Xenopus laevis males with abnormally big lumen in the seminiferous
tubules. None occurred in controls and T2 (2.28 µg/L), 27.3% in T1 (0.023 µg/L), and 73.3% in T3
(228 µg/L). (*) Comparison of treatment and control groups revealed a significant difference to T3
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Fig. 9. Numbers of Xenopus laevis males with reduced number of germ cells. None occurred
in controls, 54.5% in T1 (0.023 µg/L), 33.3% in T2 (2.28 µg/L), and 20% in T3 (228 µg/L).
(*) Comparison of treatment and control groups revealed a significant difference to T1 (p = 0.012).

3.6. Effects on somatic development
BPA affected mean values of snout-to-vent length and weight differently in the three
species. In X. laevis metamorphs, differences were observed only for the weight,
namely between controls and T1 (p = 0.035; Table 2, Fig. 10). In H. arborea, BPA had
an impact on snout-to-vent length and body weight at the highest concentration (T3),
with smaller and lighter individuals when compared to control group animals
(p = 0.000; Table 2, Fig. 11). In contrast to X. laevis and H. arborea, no significant
differences between controls and treatments were observed in B. viridis (Table 2,
Fig. 12).
In addition, BPA-treatment may have affected the skin color of H. arborea. Although
differences between controls and treatments were not significant, more individuals
with distinctly yellowish skin color occurred in all treatment groups but not among
controls (T1 = 5.9%, T2 = 3%, T3 = 5.3%; Table 2).
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(a)

(b)

'

Fig. 10. Snout-to-vent length and body weight of Xenopus laevis metamorphs. Boxplots of
(a) snout-to-vent length and (b) body weight of clawed frogs. (*) Individuals were significantly lighter
in T1 (0.023 µg/L) than in controls (p = 0.035). Circles represent outliers; for means: Table 2.
(a)

(b)

'

'

Fig. 11. Snout-to-vent length and body weight of Hyla arborea metamorphs. Boxplots of
(a) snout-to-vent length and (b) body weight of European tree frogs. (*) Individuals were
significantly smaller and lighter in the highest concentration (T3 = 228 µg/L) than in controls
(p = 0.000). Circles represent outliers; for means: Table 2.

(b)

(a)
,

Fig. 12. Snout-to-vent length and body weight of Bufo viridis metamorphs. Boxplots of
(a) snout-to-vent length and (b) body weight of European green toads. BPA had no impact on size
or weight of B. viridis. Circles represent outliers; for means: Table 2.
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3.7. Treatment-independent malformations of vertebrate columns and extremities
There was a BPA-independent occurrence of crooked vertebrate columns and
extremities in clawed frogs and green toads. In X. laevis replicate 1, several
metamorphs showed malformed vertebrate columns (5.3% in controls, 20% in T1,
10% in T2, 0% in T3) but no deformed extremities, while in replicate 2, both
malformations were abundantly observed: vertebrate columns with 45% (control), 30%
(T1), 63.2% (T2) and 20% (T3) and extremities with 60% (control), 35% (T1), 31.6%
(T2) and 30% (T3). In B. viridis, in both replicates crooked vertebrate columns were
found (2.5% in controls, 5% in T1, 7.5% in T2, 5.3% in T3) as well as malformed hind
limbs (22.5% in controls, 30% in T1, 52.5% in T2, 31.6% in T3).
4. Discussion
In the present study, we have combined simultaneous exposure of three deeply
diverged anuran species, representing three systematic families, in a flow-throughsystem with genetic sexing and histopathology (cf. Tamschick et al., 2016). BPAtreated anurans involved two non-model species, H. arborea and B. viridis, and the
ecotoxicology model amphibian X. laevis. We primarily aimed at comparing their
susceptibility to changes in their sexual development. By comparing genetic and
phenotypic sex, we intended to reveal potential sex reversals. Additionally, histology
served to detect mixed sex individuals and other gonadal tissue anomalies. Similar to
our previous study on EE2 (Tamschick et al., 2016), we found differences between
X. laevis, H. arborea and B. viridis, but observed fewer BPA-mediated than EE2caused effects. Here, we discuss them in detail.
4.1. Absence of BPA-dependent mixed sex and sex reversals
Contrary to our expectations, we have neither found BPA-dependent mixed sex
individuals, nor female-biased sex ratios, but a few BPA-independent sex-reversed
individuals. Due to BPA’s estrogenic potency, we anticipated to find phenotypically
sex-reversed males or at least individuals with mixed sex gonads, as observed when
examining the synthetic estrogen EE2 (Tamschick et al., 2016). Levy et al. (2004)
found two mixed sex individuals (1.1%) in X. laevis, when applying BPA in a
comparable concentration range like us (2.28 to 228 3g/L BPA). Similarly, in a study
on medaka fish (Oryzias latipes) exposed to 10-200 3g/L BPA, two mixed sex
individuals (0.9%) were detected (Metcalfe et al., 2001). However, when applying
higher concentrations (837, 1,720 and 3,120 3g/L), O. latipes males with mixed sex
gonads were detected in all treatments (Kang et al., 2002). This supports the
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assumption that environmentally relevant concentrations of BPA may mostly not be
able to induce mixed sex phenotypes in fish and amphibians. In our experiment (T1),
three genetic females (two B. viridis and one X. laevis) developed normally appearing
testes, pointing to sex reversal (i.e. masculinization). Potential masculinizing/defeminizing effects of BPA have been suggested in female rats: by a decrease of
estrogen receptor expression in the hypothalamus (Rebuli et al., 2014) and by defeminizing female behavior (Porrini et al., 2005). However, also seemingly
contradicting results have been reported: when 40 3g/kg/day were administered, BPA
masculinized the behavior of female rats, but at a higher dose (400 3g/kg/day) demasculinized male behavior (Dessì-Fulgheri et al., 2002). These conflicting findings
are supported by other studies, revealing that BPA may either provoke
masculinization (McCaffrey et al., 2013) or demasculinization (Fujimoto et al., 2006;
Jones and Watson, 2012; McCaffrey et al., 2013), depending on dose. With respect to
our study, however, we assume that potentially reversible behavioral deviations could
be much easier provoked than developmental phenotypic changes that are
“hardwired” and histologically detectable. Therefore, given the very low numbers of
seemingly affected individuals, our results from X. laevis and B. viridis should be
interpreted with some caution. The possibly expected genetic-male-to-phenotypicfemale sex reversal (feminization) was only observed in a single X. laevis, which
differs from earlier studies on this species. Female-biased sex ratios (62% to 70%)
have been detected at a concentration of 22.8 3g/L BPA, but no sex reversals were
observed in the lower (2.28 3g/L) or higher (228 3g/L) treatment groups (Kloas et al.,
1999; Levy et al., 2004) suggesting an inverted U-shaped dose response. Both of
these studies could not use genetic sexing, as this only became available for X. laevis
by the study of Yoshimoto et al. (2008). In addition, the exposure regimes differed
markedly between our vs. the studies of Kloas et al. (1999) and Levy et al. (2004),
because BPA has been exposed semi-statically (complete renewal of BPA three times
per week) in the latter studies. Therefore, two explanations for such differing findings
are possible. Firstly, these seemingly skewed sex ratios may represent random
experimental group composition rather than BPA-effects. Secondly, the differing
exposure modes may have caused differences in the severity of BPA-effects on sex
ratios in X. laevis because a continuous exposure via a flow-through-system, as in our
study and that by Pickford (2003), may facilitate elimination and excretion of
metabolizable

chemicals,

such

as

BPA,

by

detoxification

processes

via

biotransformation pathways and thus diminishing endocrine disrupting activities. Thus,
semi-static exposure (Kloas et al. 1999, Levy et al. 2004) may be more effective for
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the induction of sex reversals. In order to compare EDC-effects, comparison of the
efficiencies

of

various

exposure

regimes

on

different

endpoints

is

highly

recommended.
In Japanese medaka, exposed to 10-200 µg/L BPA from hatching to 100 days posthatching in a semi-static system, no sex reversals were detected, although without
genetic sexing (Metcalfe et al., 2001). Flow-through-exposition of medaka revealed
female-biased sex ratios (no genetic sexing) at 355 µg/L, but not at lower
concentrations (Yokota et al., 2000). However, ecologically unrealistic high doses
(according to the available literature on pollution data) were able to provoke femaleskewed sex ratios: in O. latipes after a three week exposure to 837 µg/L (Kang et al.,
2002), and in zebrafish (Danio rerio) fed with food containing 500-2000 mg/kg BPA
(Drastichova et al., 2005; no genetic sexing).
The absence of mixed sexes and finding of only very few sex-reversed individuals in
our study can be probably explained by the low BPA-concentrations. Our data confirm
that our newly developed approach (Tamschick et al., 2016), involving a combination
of state-of-the-art genetic and histological sexing, is highly recommended when
conducting EDC-studies, especially for such low doses. Otherwise, randomly biased
initial sex ratios may lead to wrong conclusions about substance-specific effects on
population sex ratios.
4.2. Anatomically and histologically detectable alterations of gonads
Analyses of gonads revealed several impairments showing the teratogenic effects of
BPA. Additionally, we have detected several inter-species differences. Anatomically
observable impairments occurred in H. arborea and B. viridis, while effects on the
tissue level were seen in X. laevis.
In previous studies exposing X. laevis to BPA (0.83 to 497 µg/L), no anatomical
abnormalities of gonads were detected (Kloas et al., 1999; Levy et al., 2004; Pickford
et al., 2003), and Levy et al. (2004), using histology, did not find cellular impairments
either. However, our finding of enlarged lumen of seminiferous tubules and reduced
germ cell numbers in X. laevis seems supported by studies on fish, crocodiles and
mammals, where similar observations have been made. Treatments between 50 and
200 µg/L BPA provoked several morphological changes in the testes of O. latipes:
loss of the testicular structure including increased interstitial spaces, testicular fibrosis
and decreasing sperm cell numbers (Metcalfe et al., 2001). Molina et al. (2013)
observed alterations in zebrafish ovaries, specifically “vacuolization of the follicular
cytoplasm“ and degeneration of cell components at concentrations of 100 and 1000
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µg/L BPA. Topical exposure of Caiman latirostris eggs to 90 µg/egg BPA disrupted
seminiferous tubules and resulted in large empty lumen (Durando et al., 2013; Stoker
et al., 2003). BPA was also associated with impaired microtubule function and lesions
of mammary and prostate glands in mice (Keri et al., 2007; Markey et al., 2005;
Vandenberg et al., 2008) and rhesus monkeys (Tharp et al., 2012).
Reduced gonad size in H. arborea and B. viridis, and the segmental structure of testes
in B. viridis, might be explained by a genetic predisposition, leading to an earlier or
faster gonad differentiation. Affected gonads are smaller in size, but according to
histology well-developed and differentiated. Smaller size might also explain the
maintained gonomeric structure of testes in some B. viridis. Segmentation (metamery)
is a normal feature of undifferentiated gonads of anuran amphibians (Piprek et al.,
2014); it is retained in the ovaries, forming further ovarian lobes, but is normally lost in
the differentiated testes. Testes develop from only few proximal metameres that fuse,
whereas distal ones degenerate (Haczkiewicz and Ogielska, 2013). In BPA-treated
B. viridis, some of the metameres did not degenerate and formed segments with
testicular tissue inside. The fusion of proximal and degeneration of distal metameres
were not completed due to a probably faster masculinization of gonads. This and the
reduced size of gonads in both non-model species, was not attributable to individual
age differences, since all were dissected during a period of few days.
4.3. Impact on the somatic development
In accordance with previous results (Kloas et al., 1999; Levy et al., 2004; Pickford et
al., 2003), we did not observe BPA-dependent anatomical malformations of internal or
externally visible organs in any of the species. However, several clawed frogs and
green toads developed crooked vertebrate columns and malformed extremities,
however, independently from BPA-concentration. Deformed extremities are a
relatively widespread phenomenon in wild amphibians. EDCs, ultraviolet-B radiation
and parasitic infestation, e.g. with the trematode Ribeiroia ondatrae, are the major
causes (Ouellet, 2000; Taylor et al., 2005). Bone malformations due to EDC-exposure
in affected habitats are reported from several anuran species (Ouellet et al., 1997;
Sower et al., 2000; Taylor et al., 2005). While several studies on BPA applying much
higher concentrations than us (4,560 to 11,400 3g/L) detected scoliosis and other
anatomical malformations in Xenopus, Rana and Rhinella (Canesi and Fabbri, 2015;
Imaoka et al., 2007; Iwamuro et al., 2003; Oka et al., 2003; Sone et al., 2004;
Wolkowicz et al., 2014), the relatively lower BPA-concentrations may explain that
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malformed

extremities/vertebrate

columns

were

not

BPA-associated

in

our

experiment.
However, we found a species-specific effect of BPA on snout-to-vent length and body
weight of metamorphs. While B. viridis were seemingly not affected, the highest
concentration (T3: 228 µg/L) decreased snout-to-vent length and weight of H. arborea.
In contrast, in X. laevis, the lowest concentration (T1: 0.023µg/L) led to a significant
decrease in body weight. BPA has been shown to either have no impact (Pickford et
al., 2003), elevate (Levy et al., 2004; Jagnytsch et al., 2005) or reduce (Sone et al.,
2004) morphometric parameters of X. laevis.
The yellow skin color of some BPA-treated H. arborea was similarly detected in a
significant number of EE2-treated tree frogs (Tamschick et al., submitted). Indeed,
exogenously applied hormones can induce changes of body coloration (Tang et al.,
2014), as it is hormonally controlled (Kidane et al., 2008; Mills and Patterson, 2009;
Tang et al., 2014). Furthermore, estrogenic EDCs can affect the hemoglobin
catabolism, leading to elevated biliverdin levels in the blood plasma of X. laevis
(Garmshausen et al., 2015), and affected individuals were as well characterized by a
yellowish skin color (Garmshausen, pers. comm.).
5. Conclusions
Effects of BPA have been reported for a wide variety of aquatic and terrestrial animal
species but most previous studies used high, ecologically mostly unrealistic doses.
We here show that also very low and thus environmentally relevant concentrations are
able to alter the sexual and somatic development of amphibians. BPA differently
affected the species X. laevis, H. arborea and B. viridis. While none of them can be
easily called more or less vulnerable, they differed strikingly in their responses to BPA.
This suggests that complex species-specific larval ecologies, genetic backgrounds
and sex determination systems, arising from long divergence times and different
evolutionary histories, might account for different vulnerabilities. The identification of
mechanisms and single causes for these differences exceeds the framework of our
study. Most EDC-experiments examined the amphibian model Xenopus, and
administratively stated pollution thresholds are derived from cross sections through
literature data. However, as we show, susceptibilities of model and non-model species
can differ and call for caution when extrapolating single-species data to others,
strongly supporting our previous study (Tamschick et al., 2016).
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A first aim of this thesis was the identification of sex chromosomes and sex
chromosome systems in Bufo viridis, B. variabilis and B. balearicus, by application of
microsatellite markers. The main aim was then to apply these and other molecular
markers to model and non-model anuran species in order to assess the risk of
environmentally

relevant

concentrations

of

the

hormonal

pollutants

171-ethinylestradiol (EE2) and bisphenol A (BPA). Specifically, this thesis focused on
the European tree frog (Hyla arborea) and the European green toad (Bufo viridis), and
compared their susceptibilities to those of the African clawed frog (Xenopus laevis) to
figure out whether results of previous studies, using this model species only, are
applicable to other anurans. This was achieved by a newly developed direct
experimental approach, where tadpoles of the three species were simultaneously
exposed under identical experimental conditions. Using the initially developed
microsatellite markers, allowing genetic sexing of B. viridis (paper 1), and existing sexlinked markers for X. laevis and H. arborea, the feminizing potential of EE2 and BPA
could be exactly determined by comparing genotype and phenotype of each individual
(papers 2 and 4). High-standard histology was used to determine phenotypic sexes
and to reveal gonadal alterations on the cellular level (papers 2, 3 and 4). Thus, a
combination of newly established experimental design and state-of-the-art methods
was for the first time applied in an EDC-study to non-model anurans, and in direct
comparison to the standard model species of amphibian toxicology.
The mode and strength of effects was different for EE2 and BPA, and in both
experiments it could be shown that the susceptibilities of the three species strongly
differed: effects on the sexual (and somatic) development were very diverse between
species. None of the taxa could be easily called more or less sensitive to the EDCs,
because specific responses varied between the investigated parameters.

12B23CDE3FDD5A59A35A3DDA39F36D75D63
Due to the high prevalence of homomorphic sex chromosomes in amphibians,
information on their sex determination mechanisms remains scarce. This thesis has
contributed to diminish this gap of knowledge by the development of additional sexlinked microsatellite markers, which were used to reveal the sex chromosome
123

7. Discussion

systems and sex chromosomes themselves, in three so far not examined members of
the Bufo viridis subgroup.
Several anonymous microsatellite markers, known to be sex-linked in the green toad
species B. siculus and B. shaartusiensis (Stöck et al., 2011a, 2013b), were used for
cross-amplification experiments (paper 1). It could be shown that three of these
markers are also located on the sex chromosomes of the focal species B. viridis,
B. variabilis and B. balearicus. Inheritance patterns of markers revealed that all three
toad species exhibit an XX/XY chromosome system, since phenotypically male
offspring inherited exclusively one of the paternal alleles (the one located on the
Y chromosome), while maternal alleles (of both X chromosomes) were randomly
transmitted to male and female offspring. This is in accordance with previous studies
on other members of the Bufo viridis subgroup, showing also XX/XY systems (Stöck
et al., 2011a, 2013b), and proves that all diploid species of this subgroup exhibit male
heterogamety (XY). In addition, the present data strongly point to chromosome pair 1
representing the sex chromosomes in the three investigated species B. viridis,
B. variabilis and B. balearicus, although a final proof, e.g. by cytogenetic methods as
fluorescence-in-situ-hybridization (FISH), would still be necessary.
Apart from revealing sex chromosomes and sex chromosome systems, the here
applied markers have additional advantages. Firstly, they can be used for further
studies on the sex chromosomes in green toads and might thus help to localize the
sex-determining region or even the sex-determining master gene, which is so far only
known in one amphibian, namely X. laevis (Yoshimoto et al., 2008). Secondly, these
markers are useful tools for toxicological experiments evaluating the sex-reversing
potential of an EDC, as directly shown in this thesis. The revelation of strong
susceptibility differences between model and non-model anurans additionally shows
that, if information on EDC-vulnerabilities for a species is needed, every species has
to be tested separately. Hence, molecular markers should be developed for many
more vertebrate taxa, i.e. for all of those which are addressed in EDC-studies.

1223D76393D5AD6F5939A3123456789A2BC73DE9A8AF4F2A3AF3
648BCFCC73
So far, nothing was known about the effects of the extremely widespread aquatic
pollutant EE2 on the European anurans H. arborea and B. viridis. This thesis showed
several impairments of the sexual and somatic development in these species, and in
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X. laevis, under environmentally relevant concentrations of EE2 (papers 2 and 3). It
was demonstrated that the two non-model species differed strikingly in their
susceptibility from those of the model X. laevis, but also showed variability between
each other, although with lower intensity. The most striking differences refer to the
occurrence of phenotypically sex-reversed genetic males, with X. laevis being
extremely high, but the non-models being only moderately affected (paper 2). This is
in accordance with the proposal by Storrs and Semlitsch (2008) that anurans with
relatively rapid ovarian development (as X. laevis; faster than H. arborea or B. viridis)
seem to be more susceptible to gonadal treatment effects caused by estrogenic
EDCs. Feminizations due to EE2-treatment have been reported earlier from X. laevis,
but with different outcomes. Although at similar exposure-concentrations, some
studies report the development of only few oocytes in testis tissue (e.g. Cevasco et
al., 2008), while others observed high numbers of mixed sex individuals but only few
sex-reversed males (Tompsett et al., 2012), and again others report nearly completely
feminized sex ratios (Kloas, 2002). These (and other) deviating results found in the
literature might be attributable to differences in the experimental design, especially to
the lack of genetic sexing in most of the experiments. In addition, the genetic base is
different in each animal, and therefore every exposed organism might respond
individually to EDC-exposure. Therefore, comparison of studies is already a challenge
even when experimental conditions are seemingly the same (because individuals from
different populations are suspected to react differently), but often study designs differ.
For example, many EE2-experiments used semi-static and not flow-through-systems,
where concentrations fluctuate stronger and exposure of individuals is rather pulsative
(Levy et al., 2004), potentially leading to varying responses. Additionally, differing
exposure times and age of animals at dissection probably account for deviating results
between studies. Variable temperatures, water chemistry or light conditions might also
be a reason for varying responses, but these conditions are often not even mentioned.
That makes comparison of existing results extremely difficult. To avoid different
outcomes of future experiments, a standardization of experimental conditions in EDCstudies is recommended. The applied combination of advanced methods in this thesis
leads to trustworthy results and might set some standards for future studies.
Regarding the effects of EE2 on H. arborea and B. viridis, no comparison to earlier
results is possible, as this was the first study exposing tree frogs and green toads to
EE2. One previous study applied E2 to these species (Piprek et al., 2012). Although
the exposure-concentration was much higher (100 µg/L) than in the present thesis, no
female-biased sex ratios were detected, and in H. arborea, only very few mixed sex
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individuals were observed. Either the lower potency of E2 (when compared to EE2), or
deviating experimental conditions, or simply the lack of genetic sexing in the study by
Piprek et al. (2012), could account for differing results. In addition, Piprek et al. (2012)
observed underdeveloped gonads in H. arborea, supporting the results of the present
thesis and suggesting a decelerating effect of E2 and EE2 on the gonadal
development.
Concentrations of EE2 polluting the environment are relatively low (ng/L range).
Nevertheless, these amounts are high enough to account for strong damages of
exposed individuals, and thus EE2 might contribute to the worldwide amphibian crisis.
The current results show that a complete lack of males can result from EE2-exposure.
In habitats exhibiting similar synthetic estrogen-concentrations, this can lead to the
extinction of whole populations by suppressed reproduction. Due to their mostly
aquatic reproduction and larval phases, amphibians (and especially exclusively
aquatic species like Xenopus) are strongly dependent on the water quality. This
shows the need to improve removal mechanisms for EE2 in sewage treatment plants,
to avoid further decrease of amphibian populations.

1223D7639356DA9339A3123456789A2BC73DE9A8AF4F2A3AF3648BCFCC73
This thesis addressed for the first time effects of the widely used plasticizer BPA on
the sexual development of hylid and bufonid non-model species (paper 4). Although
impairments of the sexual and somatic development were observed in these species,
as well as in the simultaneously exposed and directly compared X. laevis, effects
appeared to be much less severe than in the EE2-experiment, because BPA was
neither able to induce mixed sex individuals nor complete sex reversals. This is in
accordance with Pickford et al. (2003), where environmentally relevant concentrations
of BPA did not provoke any feminizing effect in X. laevis. Miranda (2013) showed that
a pollution relevant treatment with BPA (2.28 µg/L) leads to the development of
oviducts in male X. tropicalis, a sign of partial feminization. However, an occurrence of
significant numbers of “real” mixed sex individuals after BPA-treatment was not
reported so far in amphibians. Skewed sex ratios with 62 to 70% of females were
observed in X. laevis after treatment with 22.8 µg/L BPA by Kloas et al. (1999) and
Levy et al. (2004), but not at lower or higher concentrations, suggesting an inverted
U-shaped dose response. Two hypotheses might explain the deviating numbers of
sex reversals when compared to the findings of this thesis. On the one hand, because
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of only slightly elevated numbers of females and lacking genetic sexing, these skewed
sex ratios might be due to random experimental group composition rather than to
BPA-effects. On the other hand, different exposure-modes may cause differences in
the severity of effects: a continuous exposure in flow-through-systems, as used in this
thesis and in the study by Pickford et al. (2003), may lead to habituation effects in
exposed organisms, and if a certain threshold concentration is exceeded,
metabolizing and excretion activity of BPA by tadpoles will be induced (Levy et al.,
2004), thus diminishing endocrine disrupting activities. In semi-static pulse-exposures
these detoxification processes do not occur (no habituation effects of tadpoles), why
semi-static exposures might be more efficient concerning induction of sex reversal.
A third reason could be that experimental animals of Kloas et al. (1999) and Levy et
al. (2004) might have been more vulnerable than the ones of this thesis, e.g. by a
genetic predisposition.
Several studies using fish detected mixed sex gonads and sex reversals after
exposure to BPA, but only when higher, ecologically not relevant concentrations were
applied (Yokota et al., 2000; Kang et al., 2002; Drastichova et al., 2005).
Results from this thesis support the hypothesis, that BPA has a much lower feminizing
potential than other estrogenic EDCs (as e.g. E2 or EE2), and that environmentally
relevant concentrations are too low to sex-reverse vertebrates. The few sex-reversed
metamorphs (one feminized and one masculinized X. laevis, two masculinized
B. viridis) detected in this thesis are probably rather coincidence than provoked by
BPA, because numbers are very low and appeared treatment-independently. Although
potential masculinizing effects of BPA have been reported in other vertebrates, e.g.
a decrease of estrogen receptor expression and de-feminized behavior in female rats
(Porrini et al., 2005; Rebuli et al., 2014), real genetic-female-to-phenotypic-male sex
reversals were not reported so far. To further address the question, whether BPA is
indeed able to induce sex reversals in amphibians at pollution relevant concentrations
or not, a wider range of species should be tested, but necessarily with the application
of genetic sexing, to avoid overlooking low numbers of potential sex reversals.
However, the anatomical and histological alterations of gonads, found in all three
exposed species in the present work, show that also low BPA-concentrations are able
to negatively affect amphibians (paper 4). An altered testicular tissue development in
X. laevis was also shown by Jagnytsch et al. (2005), but contrastingly, no gonadal
alterations were detected in other studies using this model species (Kloas et al., 1999;
Pickford et al., 2003; Levy et al., 2004). It is not clear why most anuran-studies did not
report findings similar to those of the present work, as e.g. lumen in seminiferous
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tubules or reduced germ cell numbers. BPA-studies with amphibians are scarce, and
some of them did not use histology, partly explaining the lack of information. However,
support for the recent findings comes from studies on fish and reptiles, where
environmentally relevant concentrations provoked similar effects on gonadal
development, namely reduced testis size, lowered germ cell numbers, and cavities in
testicular tissues (Metcalfe et al., 2001; Stoker et al., 2003; Durando et al., 2013).
These gonadal alterations are certainly not to underestimate, but it is not proven if
they have such a strong influence that reproductive functions are inhibited. By
contrast, the smaller and segmented gonads observed in H. arborea and B. viridis
were histologically well developed and normally differentiated. Thus, it can be
assumed that reproductive success is probably not completely inhibited, but might be
reduced if adults exhibit small reproductive organs.
Regarding the detected somatic impairments (decreased snout-to-vent length and
body weight of some metamorphs) inconsistent reports are found in the literature. For
X. laevis it has been shown that BPA can either not affect (Pickford et al., 2003),
elevate (Levy et al., 2004; Jagnytsch et al., 2005) or reduce (Sone et al., 2004)
morphometrics, and the same has been reported in rodents (e.g. Honma et al., 2002;
Kabuto et al., 2004; Ryan and Vandenbergh, 2006; Richter et al., 2007). Thus, BPA
seems to have non-monotonic effects on the somatic development in vertebrates and
indeed, evidence is accumulating that estrogenic EDCs have unexpected effects on
the postnatal growth (Cooke and Naaz, 2004). Additionally, a recently published
fish-study investigating numerous endpoints reports that BPA can have an (inverted)
U-shaped effect (Zhang et al., 2016), underlining the high treatment-dependency of
resulting impacts.
Absolute values of BPA-concentrations in the environment are relatively higher than
those of EE2 (rather µg/L than ng/L). However, the higher ER binding affinity and
potency of EE2 leads to much stronger effects in exposed organisms (Tyler et al.,
1998). This is supported by results of the current thesis. Also the highest tested BPAconcentration had not even nearly the same feminizing power as the lowest
concentration of EE2. Nevertheless, also BPA was able to impair the gonadal and
somatic development, and might thus in part contribute to the worldwide amphibian
population decline, as tested concentrations were environmentally relevant. However,
very severe damages, e.g. suppressed reproduction or survival (e.g. scoliosis, head
deformities or inhibited metamorphosis) appear to be provoked exclusively under
higher, so far usually not occurring pollution levels for BPA.
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12 23!DAD5736DE5A393A8A635A34"#68F5D63
This thesis pioneered genetic sexing of non-model anurans in EDC-experiments. The
comparatively exposed X. laevis individuals were also genetically sexed; a standard
that has been applied in very few studies. Although balanced genetic sex ratios were
found in most experimental groups, some tanks in both experiments showed from the
expected 1:1 sex ratio deviating numbers among the randomly chosen hatchlings
(papers 2, 3 and 4). A lack of genetic sexing (as in most previous studies) might lead
to wrong conclusions about the feminizing or masculinizing potential of an EDC,
especially at very low concentrations, e.g. in studies determining the “no observed
effect concentration” (NOEC) and “lowest observed effect concentration” (LOEC) of
a substance. For example, in cases where only few individuals are affected by sex
reversal, these severe effects might be completely overlooked if only deviated sex
ratios are assessed. Apart from few studies using Xenopus (Olmstead et al., 2010;
Tompsett et al., 2012, 2015), no other EDC-study has applied genetic sexing. This
might have led to false positive or false negative conclusions on the number of sexreversed individuals and could account for contradicting reports, at least in some
studies.

12$23%5D355A36DE3FDD5A59A3AF39D63934"#68F5D63
Sex determination in amphibians is very variable, with rapid turnover of sex
chromosomes and sex determination systems also among closely related, or even
within the same species (see 1.3.). Additionally, very recently, a new aspect for
amphibian sex determination was raised. Possibly, the sexual development in some
species might neither be controlled by GSD nor by ESD, but also epigenetic effects
could play a role (Rodrigues et al., 2013, 2015; Brelsford et al., 2016a). If indeed
exogenous parameters (e.g. temperature, light, pH or other water chemistry
parameters) are able to affect sex differentiation of amphibians, this leads to great
challenges for EDC-research. Certain impairments could appear as side-effects,
provoked by other factors than the applied substance, and might lead to false positive
conclusions about the strength of the tested EDC.
In one of the amphibian model species, X. tropicalis, a completely new sex
chromosome situation has been recently revealed by Roco et al. (2015). The
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coexistence of Y, W, and Z sex chromosomes, leading to naturally skewed sex ratios
or even unisexual offspring, transformed X. tropicalis into a difficult experimental
species for EDC-studies, especially when testing feminizing or masculinizing effects.
And although this species appeared to be a well-investigated genetic model organism,
this phenomenon was identified only after years of EDC-research. These recent
findings of Roco et al. (2015) underline the enormous gap of knowledge regarding
amphibian sex determination. However, it should be considered that not all
populations of X. tropicalis exhibit this extraordinary chromosomal feature. Strains with
a “normal” ZZ/ZW system, as formerly shown in X. tropicalis (Uno et al., 2008b), are
still usable for EDC-experiments.
From all this follows that EDC-researchers addressing sexual developmental
endpoints should pay great attention when selecting their experimental organisms. It
is highly recommended to previously clarify at least their sex determination system,
and as long as this (and a possible impact of epigenetic factors) remains unknown,
conclusions on sexual developmental effects may be limited or can only be drawn with
caution.
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This work is the first comparing model and non-model anurans in a simultaneous
experimental approach, aimed to examine potential differences in their EDCsusceptibilities, with the combined application of molecular sexing, state-of-the-art
exposure conditions and high-standard histology.
The expected and observed striking differences between X. laevis, H. arborea and
B. viridis show that an uncritical extrapolation or generalization of previous results
from model to non-model amphibian species should be avoided. The species diverged
more than 206 million years ago, and thus show several differences, for example
regarding their larval ecologies, gonadal differentiation and sex determination. The
exact causes accounting for inter-species susceptibility differences goes beyond the
framework of this thesis. Additional studies using a similar high-standard experimental
approach should thus be conducted to identify the underlying mechanisms of
differences in EDC-responses among anurans and other vertebrate taxa. Importantly,
when conducting such studies, it might be helpful to clarify the sex determination
mechanisms of tested species, and to genetically sex exposed individuals. The
observed random genetic sex ratios in test tanks and inconsistent literature results on
the number of sex reversals suggest that earlier surveys, lacking genetic sexing,
should be evaluated with caution. Thus, in species for which it is available, genetic
sexing should become a general standard for EDC-research, at least when
addressing effects on the sexual development.
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