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Abstract.

Anurans can display a host of intriguing sexual syndromes, including hermaphroditism and sex reversal.

Using a multifaceted approach for diagnosing and characterising hermaphroditism in the endangered anuran species Rana
mucosa, we tracked changes in female reproductive status using hormone monitoring, ultrasound examinations, individual
life history, fertilisation records and post-mortem findings. Seven individuals originally sexed as females developed
secondary male sexual characteristics, behaviour and hormone profiles and, in some cases, had testicular tissue despite
having previously laid eggs. Our results suggest that reproductive technologies can shed light on life history patterns and
reproductive anomalies that may affect endangered anuran survival.
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Introduction

Intersexuality, including hermaphroditism, describes the phe-
nomenon in which animals born with primary sex characteristics
of one sex develop atypical secondary sex characteristics.
Researchers have documented these anomalous sexual phe-
nomena in a variety of non-human animals, including mammals,
birds, molluscs and reptiles, but have rarely examined these
phenomena in amphibians (Parhon and Parhon 1922; Wads-
worth et al. 1978; Jenner 1979; Chaffaux et al. 1980; Haibel and
Rojko 1990; Reeder et al. 1998; Avise et al. 2004; Padilla et al.
2005; Crespo et al. 2013). In addition, the presence of intersex
phenotypes in adult (reproductively mature) anurans has only
previously been documented in animals that were exposed to
chemical contaminants at larval and metamorphic life stages
(Reeder et al. 1998; Orton and Tyler 2015). As amphibians
continue to decline worldwide (Grant ez al. 2016), the recovery
of at-risk amphibian species is increasingly dependent on con-
servation breeding programs. To optimise reproductive output
and produce numerous viable offspring for reintroduction into
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the wild (Harding et al. 2016), a more holistic understanding of
amphibian reproduction, including anomalies like hermaphro-
ditism, is needed. Many conservation breeding and ex situ
programs enhance and track reproduction through the use of
assisted reproductive technologies (ARTS), including exoge-
nous hormone-stimulated gamete production, assisted fertili-
sation and sperm cryopreservation (Kouba and Vance 2009;
Upton et al. 2018; Silla et al. 2019; Della Togna et al. 2020);
however, the potential of ARTSs to monitor and evaluate repro-
ductive health in amphibians is underutilised.

This study describes, for the first time, the loss of reproduc-
tive capabilities and the onset of reproductive anomalies in an
aging ex situ population of the mountain yellow-legged frog
Rana muscosa, a state-, federal- and International Union for
Conservation of Nature (IUCN)-listed endangered species
endemic to southern California (Backlin ez al. 2015). After the
first few successful years of breeding within the Conservation
Breeding and Reintroduction Program for R. muscosa at San
Diego Zoo Wildlife Alliance, Beckman Center for Conservation
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Research, several individuals from the founder population that
had bred as females developed male sexual characteristics.
R. muscosa is a sexually dimorphic species. Males can be
distinguished from females morphologically by the presence
of nuptial pads on their thumbs, which develop at the onset of
sexual maturity (roughly 2-3 years after metamorphosis).
Because chromosomal sexing is not currently available for this
species, in our conservation breeding program we rely on a
combination of visual sexing, ultrasound, hormone measure-
ment and breeding history to determine an individual’s sex. Here
we use less-documented ARTs (hormone measurements and
ultrasound), along with breeding records and necropsies, to
describe the internal and external changes that may be occurring
in females that lead to the development of male morphological
characteristics and behaviours. Combined, these methods may
shed light on drivers influencing reduced fertility, including
hermaphroditism, intersex and senescence in at-risk ex sifu
amphibian populations.

Materials and methods
Study animals

The R. muscosa females (n = 10), males (n = 14) and nuptial pad
females (NPF; n =7) used in this study were all housed at San
Diego Zoo Wildlife Alliance, Beckman Center for Conservation
Research (Escondido, CA, USA), as described previously by
Calatayud et al. (2020; see also Table S1). Here we define NPF
as individuals who previously exhibited female reproductive
behaviours (e.g. egg development and oviposition) but later
developed nuptial pads and male reproductive behaviour (e.g.
amplexus) during the breeding season.

All procedures were approved by San Diego Zoo Wildlife
Alliance’s Institutional Animal Care and Use Committee (No.
15-001 and 16-005).

Reproductive monitoring

As part of our ex sifu conservation breeding program, we
quantified the number of eggs laid and documented fertilisation
and pair information each year. To evaluate whether there were
differences in ova produced between females that developed
nuptial pads and those that did not, we compared average ova
produced for each female over the course of their breeding
history.

Ultrasound examinations

We performed ultrasound examinations on all females in the
colony from 2014 to 2018, paying specific attention to three time
points: (1) during brumation (before breeding; October—
January); (2) during breeding (March—April); and (3) after
breeding (June—July). We assessed reproductive cycles and
compared females with and without nuptial pads. As an addi-
tional point of comparison, we examined results of male ultra-
sound examinations during the breeding season to highlight
morphological differences between NPF and females. We
classified ovarian cycle stages for females and NPF by exam-
ining images from both the left and right coelom (for more detail
about ultrasound staging methods, see Calatayud et al. 2019).
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Hormone quantification

Serum samples were collected from adult individuals (Table S1)
across three different time points (May, July and November
2017), as described by Calatayud et al. (2019). We used a blank
matrix sample and a spiked-matrix sample (matrix: SeraSub;
CST Technologies) as control samples to assess contamination
and extraction efficiency. Samples were diluted 13-fold and
hormones were extracted using 100% methanol (Fisher
Scientific), homogenised for 1 min by vortexing and then cen-
trifuged at 12 000g for 2 min at 10 °C. The supernatant was split
to dansylate one aliquot for enhanced oestrogen ionisation and
quantified as described previously (Meredith 2018). Briefly,
testosterone and oestrogens (B-oestradiol and oestriol) were
quantified using an Agilent 1260 liquid chromatograph coupled
to an Agilent 6460 mass spectrometer. Chromatographic sepa-
ration was performed using an Agilent Poroshell 120 EC-C18
column (inside diameter 2.1 mm x 50 mm; 1.8 pm) maintained
at 40 °C. We ionised hormones using electrospray ionisation in
positive mode with an auxiliary gas (N,), a source temperature
of 150 °C and 300 °C and a gas flow rate of 13 and 11 L min ' for
oestrogens and testosterone respectively. Optimised multiple
reaction monitoring conditions are provided in Table S2.

Post-mortem analyses

As part of our ex situ program, board-certified pathologists
necropsied all individuals at the time of death. A gross exami-
nation was performed, and tissues (fixed in 10% buffered
formalin) were collected for histopathology. Sex was first
determined based on the appearance of gonads on gross exam-
ination and confirmed with histopathology. A total of 15 nec-
ropsies was performed on individuals from founders collected
from the wild.

Behaviour

We assigned mating pairs each year based on a combination of
pedigree and genomic data. For each chosen pair, we docu-
mented breeding behaviour by quantifying amplexus
(amphibian breeding position in which the male clasps the
female from behind, positioning his cloaca close to hers for
external fertilisation of deposited eggs). In addition, we recor-
ded any attempted breeding occurring outside of assigned
breeding pairs.

Statistical analyses

All statistical analyses were conducted in the R programming
environment (Version 3.6.0; R Core Team 2019). We con-
structed generalised linear mixed models (GLMMs) using the
Ime4 package (Bates et al. 2007). Hormone concentrations were
log transformed before analysis to ensure the data met model
assumptions (e.g. normality and homoscedasticity of residuals).
Three separate models were constructed to characterise patterns
in testosterone, B-oestradiol and oestriol. In each model, we
included sex (categorical variable; male, female or NPF) and
month (categorical variable; May, July, November) as fixed
effects and individual identity as a random effect. For models of
oestrogens, we also included an interaction term between sex
and month; this interaction term could not be included in the
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testosterone model without violating GLMM assumptions. The
DHARMa package (Hartig 2020) evaluated model residuals and
confirmed that all models met GLMM assumptions. We used the
Satterthwaite approximation to estimate degrees of freedom and
to test for the significance of each fixed effect using the ImerTest
package (Kuznetsova et al. 2017). The code generated during
this study is available online (https:/github.com/clw224/
Rana_muscosa_NPF).

Results and Discussion

R. muscosa breeding, ova produced and fertility have been
highly variable since the inception of the ex situ breeding pro-
gram in 2006. Individual variation in ova produced is high for
both NPF and females; however, on average, NPF produced
fewer ova than their female counterparts (mean (=£s.e.m.)
282.7+77.8 vs 417.4 +75.2 respectively; W=46, P=0.0079,
Wilcoxon rank sum test). For some females, nuptial pads
appeared a year after their first breeding season, whereas other
females did not develop nuptial pads until 5-8 years after their
first breeding season. For a majority of NPF, breeding ceased
after the emergence of nuptial pads. In human care, R. muscosa
have been documented to breed from 2 to 12 years of age. NPF
may have been experiencing a form of reproductive senescence.
Although not necessarily the case here, because some females
reproduced only once at 4 years of age, this phenomenon cannot
be ruled out. To our knowledge, no research has been done on
post-reproductive amphibians.

NPF appeared to exhibit more masculine traits based on
reproductive hormones, ultrasound visualisations, external phe-
notype and amplexing behaviours. For example, testosterone
concentrations were significantly lower in NPF than in pheno-
typically normal females but did not differ from that in males
(Table S3; Fig. 1). Sex-based differences in oestrogen profiles
were seasonally dependent, with phenotypically normal females
(but not males) differing from NPF in July but not in other
months (GLMM: sex (female)x month (July), d.f.=52,
t=2.17, P=0.03 for both p-oestradiol and oestriol;
Tables S4, S5; Fig. 1). Hormonal profiles align with ultrasound
results, which showed a lack of follicle development at any time
point in NPF compared with breeding females (e.g. before,
during or after breeding; Fig. 2). Behaviourally, three of seven
NPF amplexed other females during the breeding season after
nuptial pad emergence. Only one NPF successfully bred as a
male 3 years after nuptial pad emergence. Although average
fertilisation was low (0.425%), this confirmed spermatogenesis.

Differences in hormone profiles between females and NPF
could be associated with the role of oestrogens and testosterone,
which are critical for follicle development and oviposition. A
seasonal rise in oestrogens at the end of the reproductive period
(July) observed in females compared with NPF likely indicates
the reinitiation of oogenesis, because oestrogens are required for
oocyte growth and yolk deposition (Ogielska and Bartmanska
2009). The resumption of follicle growth may cause the secre-
tion of oestrogens required for hepatic synthesis of vitellogenin
(Fernandez and Ramos 2003), whereas an increase in testoster-
one observed in November in reproductive females compared
with NPF may indicate the end of follicle growth before the
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Fig. 1. Box and whiskers plots showing log-transformed hormone con-

centrations in parts per billion (ppb) detected by mass spectrometry. The
boxes show the interquartile range, with the median value indicated by the
horizontal line; whiskers show the range. Overlaid points indicate individual
values. F, female; M, male; NPF, nuptial pad female. For statistical analyses
of these results, see Tables S3-S5.

onset of brumation (Fernandez and Ramos 2003). Overall, our
results indicate a lack of normal ovarian activity (or ovaries) in
NPF, whereas phenotypically normal females exhibited high
levels of follicle and oocyte development before and during the
breeding season.

Histological examination of six of the seven necropsied NPF
revealed true hermaphroditism or at least male pseudohermaph-
roditism. Of the six NPF, five had active testes with spermato-
genesis, mature oviducts and suspect remnant degenerate
follicles (Fig. 3), and one had an ovotestis along with large,
mature oviducts, confirming true hermaphroditism (Table S1).
Furthermore, breeding records show that four of the six NPFs
had previously oviposited, indicating female reproductive capa-
bility. Hermaphroditism in amphibians is generally associated
with exposure to chemical contaminants during the larval period
(Orton and Tyler 2015). All the individuals that exhibited these
phenomena or female nuptial pad emergence were collected
from the wild. To date, we have not observed female nuptial pad
development, ovarian senescence or hermaphroditism in any ex
situ-produced individuals. Therefore, it is possible that the
hermaphroditism we documented may be related to chemical
exposure from agricultural practices (Hayes et al. 2002). Pro-
togynous hermaphroditism (sex change from female to male) is
also a possibility, although typically restricted to cases where it
maximises an individual’s lifetime reproductive success (Grafe
and Linsenmair 1989).

The appearance of nuptial pads in females remains an intrigu-
ing phenomenon that is not yet fully understood. Combined
across our analyses, NPF appear to be more similar to males than
females, as indicated by hormone concentrations (Fig. 1), ultra-
sound examinations in which images of NPF reproductive tissue
were almost indistinguishable from those observed in males
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Fig.2. Ultrasound images showing («) females during brumation (before breeding) with echogenic
dots indicating follicle development (left) and nuptial pad females (NPF) during brumation with no
visible follicle development (right); (b) females during the breeding season (March—April) with
developing oocytes (arrow; left), males during the breeding season (middle) and NPF during the
breeding season with a lack of ovarian development (right); and (c) females (left) and NPF (right)

after the breeding season (June—July).
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Fig.3. Histological staining of tissues from (@) a nuptial pad female (NPF) with testicular tissue showing active spermatogenisis, and (b, ¢) a NPF that
exhibited both mature, active oviducts (b) and a rare suspect remnant, degenerate follicles (c). Tissues were stained with haemotoxylin and eosin.

(Fig. 2) and post-mortem histological analysis (Fig. 3). We including ultrasound and hormone profiling, into conservation
initially hypothesised that this phenomenon was related to aging breeding programs will produce a more holistic understanding of
and post-reproductive senescence or sex reversal at the larval the life history, aging and reproduction of amphibian species.
stage. However, necropsies revealed that most these animals were This knowledge will enhance ex situ reproductive success while
hermaphrodites. More research on aging in amphibians and allowing for more informed management decisions.

hermaphroditism is needed. Ex situ breeding programs are an
ideal venue to collect these data, providing opportunities to apply
physiological and medical knowledge to enhance and better ~ Natalie Calatayud is a guest Associate Editor of this Journal
understand amphibian reproduction. Incorporating ARTs, issue. She did not at any stage have editor-level access to this

Conflicts of interest



True hermaphroditism in an endangered frog

manuscript while in peer review, as is the standard practice when
handling manuscripts submitted by an editor of this Journal. The
authors have no further conflicts of interest to declare.

Declaration of funding

This research was funded by San Diego Zoo Wildlife Alliance,
and grants from United States Forest Service (Agreement no.
09-CS-11051200-024 and amendments) and the California
Department of Fish and Wildlife through their Traditional
Section 6 Program (Agreement #Q1986002 00). Natalie Cala-
tayud thanks Exploradora de Immuebles S.A.(EISA) for their
kind financial contribution to her fellowship and the program.
Any opinions, findings, conclusions or recommendations
expressed in this publication are those of the authors, and do not
necessarily reflect the views of their supporters.

Acknowledgements

The authors thank Ashley Meredith, Ashli Brown and Darrell Sparks from
Mississippi State Chemical Laboratory for liquid chromatography—tandem
mass spectrometry analysis. The authors also extend their gratitude to
Omaha’s Henry Doorly Zoo and Aquarium for their support and participa-
tion in the mountain yellow-legged frog program.

References

Avise, J. C., Power, A. J., and Walker, D. (2004). Genetic sex determination,
gender identification and pseudohermaphroditism in the knobbed whelk,
Busycon carica (Mollusca: Melongenidae). Proc. Biol. Sci. 271, 641—
646. doi:10.1098/RSPB.2003.2533

Backlin, A. R., Hitchcock, C. J., Gallegos, E. A., Yee, J. L., and Fisher, R. N.
(2015). The precarious persistence of the endangered Sierra Madre
yellow-legged frog Rana muscosa in southern California, USA. Oryx
49, 157-164. doi:10.1017/S003060531300029X

Bates, D., Sarkar, D., Bates, M. D., and Matrix, L. (2007). The Ime4 package.
R package version 2, 74.

Calatayud, N. E., Chai, N., Gardner, N. R., Curtis, M. J., and Stoops, M. A.
(2019). Reproductive techniques for ovarian monitoring and control in
amphibians. J. Vis. Exp. (147), €e58675. doi:10.3791/58675

Calatayud, N. E., Hammond, T. T., Gardner, N. R., Curtis, M. J., Swaisgood,
R. R., and Shier, D. M. (2020). Benefits of overwintering in the
conservation breeding and translocation of a critically endangered
amphibian. Conserv. Sci. Pract. 3, e341.

Chaffaux, S., Mailhac, J. M., Cribiu, E. P., Popescu, C. P., and Cotard, J. P.
(1980). Intersexuality in four dogs. Rec. Med. Vet. Ec. Alfort 156,
179-192.

Crespo, J. L., Garcia-Parraga, D., Giménez, L., Rubio-Guerri, C., Melero, M.,
Sanchez-Vizcaino, J. M., Marco, A., Cuesta, J. A., and Mufoz, M. J.
(2013). Two cases of pseudohermaphroditism in loggerhead sea turtles
Caretta caretta. Dis. Aquat. Organ. 105, 183-191. doi:10.3354/
DAO002622

Della Togna, G., Howell, L. G., Clulow, J. C., Langhorne, C. J., Marcec-
Greaves, R., and Calatayud, N. E. (2020). Evaluating amphibian bio-
banking and reproduction for captive breeding programs according to the
Amphibian Conservation Action Plan objectives. Theriogenology 150,
412-431. doi:10.1016/J. THERIOGENOLOGY.2020.02.024

Fernandez, S. N., and Ramos, I. (2003). Endocrinology of reproduction. In
‘Reproductive Biology and Phylogeny of Anura’. (Ed. M. Ogielska.)
pp. 73—117. (Science Publishers: Enfield.)

Grafe, T. U., and Linsenmair, K. E. (1989). Protogynous sex change in the
reed frog Hyperolius viridiflavus. Copeia 4, 1024-1029. doi:10.2307/
1445989

Trial Version g

Reproduction, Fertility and Development E

Grant, E. H. C., Miller, D. A., Schmidt, B. R., Adams, M. J., Amburgey,
S. M., Chambert, T., Cruickshank, S. S., Fisher, R. N., Green, D. M., and
Hossack, B. R. (2016). Quantitative evidence for the effects of multiple
drivers on continental-scale amphibian declines. Sci. Rep. 6, 25625.
doi:10.1038/SREP25625

Haibel, G. K., and Rojko, J. L. (1990). Persistent Miillerian duct syndrome in
a goat. Vet. Pathol. 27, 135-137. doi:10.1177/030098589002700214

Harding, G., Griffiths, R. A., and Pavajeau, L. (2016). Developments in
amphibian captive breeding and reintroduction programs. Conserv. Biol.
30, 340-349. doi:10.1111/COBI.12612

Hartig, F. (2020). DHARMa: Residual Diagnostics for Hierarchical (Multi-
Level/Mixed) Regression Models (2017). R package version 0.1 5.

Hayes, T. B., Collins, A., Lee, M., Mendoza, M., Noriega, N., Stuart, A. A.,
and Vonk, A. (2002). Hermaphroditic, demasculinized frogs after
exposure to the herbicide atrazine at low ecologically relevant doses.
Proc. Natl. Acad. Sci. USA 99, 5476-5480. doi:10.1073/PNAS.
082121499

Jenner, M. G. (1979). Pseudohermaphroditism in /lyanassa obsoleta
(Mollusca: Neogastropoda). Science 205, 1407—1409. doi:10.1126/SCI
ENCE.472758

Kouba, A. J., and Vance, C. K. (2009). Applied reproductive technologies
and genetic resource banking for amphibian conservation. Reprod.
Fertil. Dev. 21, 719-737. doi:10.1071/RD09038

Kuznetsova, A., Brockhoff, P. B., and Christensen, R. H. (2017). ImerTest
package: tests in linear mixed effects models. J. Stat. Sofiw. 82, 1-26.
doi:10.18637/JSS.V082.113

Meredith, A. N. (2018). Development and validation of urine hormones by
LC-MS/MS using the boreal toad (Anaxyrus boreas boreas) as a model
species. Master of Science, Mississippi State University, Mississippi
State, MS, USA.

Ogielska, M., and Bartmanska, J. (2009). Oogenesis and female reproduc-
tive system in Amphibia—Anura. In ‘Reproduction of Amphibians’.
(Ed. M. Ogielska.) pp. 153-272. (Science Publishers: Enfield.)

Orton, F., and Tyler, C. R. (2015). Do hormone-modulating chemicals
impact on reproduction and development of wild amphibians? Biol. Rev.
Camb. Philos. Soc. 90, 1100-1117. doi:10.1111/BRV.12147

Padilla, L. R., Dutton, C. J., Bauman, J., and Duncan, M. (2005). XY male
pseudohermaphroditism in a captive Arabian oryx (Oryx leucoryx). J.
Zoo Wildl. Med. 36, 498-503. doi:10.1638/04-006.1

Parhon, P. C., and Parhon, M. C. (1922). A pseudohermaphritic cock.
Endocrinology 6, 383-386. doi:10.1210/ENDO-6-3-383

Reeder, A. L., Foley, G. L., Nichols, D. K., Hansen, L. G., Wikoff, B., Faeh,
S., Eisold, J., Wheeler, M. B., Warner, R., and Murphy, J. E. (1998).
Forms and prevalence of intersexuality and effects of environmental
contaminants on sexuality in cricket frogs (Acris crepitans). Environ.
Health Perspect. 106, 261-266. doi:10.1289/EHP.98106261

Silla, A. J., McFadden, M. S., and Byrne, P. G. (2019). Hormone-induced
sperm-release in the critically endangered Booroolong frog (Litoria
booroolongensis): effects of gonadotropin-releasing hormone and
human chorionic gonadotropin. Conserv. Physiol. 7, coy080.
doi:10.1093/CONPHYS/COY080

Upton, R., Clulow, S., Mahony, M. J., and Clulow, J. (2018). Generation of a
sexually mature individual of the eastern dwarf tree frog, Litoria fallax,
from cryopreserved testicular macerates: proof of capacity of cryopre-
served sperm derived offspring to complete development. Conserv.
Physiol. 6, coy043. doi:10.1093/CONPHYS/COY043

Wadsworth, P. F., Allen, D. G., and Prentice, D. E. (1978). Pseudohermaph-
roditism in a baboon (Papio anubis). Toxicol. Lett. 1, 261-266.
doi:10.1016/0378-4274(78)90004-8

Handling Editor: Ruth Marcec-Greaves

www.publish.csiro.au/journals/rfd

mm Wondershare
PDFelement


http://dx.doi.org/10.1098/RSPB.2003.2533
http://dx.doi.org/10.1017/S003060531300029X
http://dx.doi.org/10.3791/58675
http://dx.doi.org/10.3354/DAO02622
http://dx.doi.org/10.3354/DAO02622
http://dx.doi.org/10.1016/J.THERIOGENOLOGY.2020.02.024
http://dx.doi.org/10.2307/1445989
http://dx.doi.org/10.2307/1445989
http://dx.doi.org/10.1038/SREP25625
http://dx.doi.org/10.1177/030098589002700214
http://dx.doi.org/10.1111/COBI.12612
http://dx.doi.org/10.1073/PNAS.082121499
http://dx.doi.org/10.1073/PNAS.082121499
http://dx.doi.org/10.1126/SCIENCE.472758
http://dx.doi.org/10.1126/SCIENCE.472758
http://dx.doi.org/10.1071/RD09038
http://dx.doi.org/10.18637/JSS.V082.I13
http://dx.doi.org/10.1111/BRV.12147
http://dx.doi.org/10.1638/04-006.1
http://dx.doi.org/10.1210/ENDO-6-3-383
http://dx.doi.org/10.1289/EHP.98106261
http://dx.doi.org/10.1093/CONPHYS/COY080
http://dx.doi.org/10.1093/CONPHYS/COY043
http://dx.doi.org/10.1016/0378-4274(78)90004-8



