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Abstract — We review and discuss current knowledge about sex determination in amphibians. The
astonishing wide variety of mechanisms of genotypic sex determination is presented and discussed
in an evolutionary context. We recall the natural occurrence of transitory juvenile hermaphroditism
in some species. Our present knowledge of the mechanisms of sex determination in amphibians is
compared to that in mammals. The influence of epigenetic factors, and especially temperature is high-
lighted. In amphibians, the influence of temperature on sexual differentiation, that can prevail over
genotypic sex determination, remains poorly considered in publications. We suggest that studies on
genetic and epigenetic factors of gonadal sex differentiation in amphibians could provide substantial
information on the evolutionary process of sex determination mechanisms in current living verte-
brates.

sex determination mechanisms / sexual differentiation / hermaphroditism / epigenetic factors

1. INTRODUCTION

Amphibians have long been used as a
model in “generation” studies, i.e. fertilisa-
tion, development, sex determination and
patterns and processes of gonadal maturation.
In 1786, the priest Spallanzani, inspired by
the experiments of Réaumur and Nollet,
clearly proved the fertilisation capacity of
sperm using male frogs wearing small
waxen taffeta shorts. Thus he established
the true magnitude of the involvement of
spermatozoa during the generation process,
as being opposite to the widespread “ovist”
theory (i.e. individual preformation within
the egg). Since 1930, ovulation and repro-
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duction have been artificially performed in
amphibians. Even so, knowledge of the mech-
anisms involved in amphibian sex determi-
nation has remained low. Yet, the eggs are
large and easy to fertilise and the embryos,
larvae and adults are easy to rear. Currently
there is arenewed interest for this taxon that
displays an amazing diversity of sex deter-
mination mechanisms. Given their phylo-
genetic position (Fig. 1), amphibians could
bring new insight into the mechanisms
involved in vertebrate gonadal differentiation.

This remains a great challenge for humans
in particular to explain sexual abnormalities,
occurring during development. The aim of
this paper is to review current knowledge
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Figure 1. Tetrapod phylogeny; clade differentiation estimated dates figure below each node.

regarding the astonishing diversity of sex
determination mechanisms and processes
in amphibians and to highlight the poten-
tials for further investigations within this
taxon.

2. GENOTYPIC SEX
DETERMINATION (GSD)
DIVERSITY

While all mammals display an XY/XX
(male heterogamety, female homogamety)
genetic sex determination (GSD) mecha-
nism and all birds a ZZ/ZW GSD mechanism
(male homogamety, female heterogamety),
some amphibian species are XY/XX and
other species ZZ/ZW. Heterogamety in
amphibians has been highlighted using var-
ious methods: cytogenetic analysis to reveal
differences between sex chromosomes (size,
banding patterns, centrometric index, hete-
rochromatin characterisation, transcription
loops of lampbrush chromosomes, ...), sex
linked isozyme expression, H-Y antigen
expression, and offspring sex-ratio analysis
of sex reversed individuals (sex reversal
after temperature or steroid hormone treat-
ment). In this manner, male or female het-
erogamety has proven to be present in about
sixty species [1-3]. However, the occurrence
of sex chromosome heteromorphism (as
chromosome size difference) was observed
in only a little more than twenty out of 1 500

species tested [4, 5]. Various degrees of
heteromorphism, that have to be considered
as derived states, could be observed in dif-
ferent chromosome pairs (i.e., pairs 4, 7, 8
or 11) depending on the species. The origin
of this morphological differentiation would
be the accumulation of repetitive nuclear
sequences in the Y or the W chromosome.
These accumulations would lower the occur-
rence of homologous chromosome crossing-
over during meiosis and therefore increase
differences in paired chromosomes [3].

Even intraspecific variations have been
observed. Thus, in the Japanese frog Rana
rugosa, the northern form shows a ZZ/ZW
system where Z and W chromosomes are
heteromorphic. The three southern forms
all exhibit XX/XY chromosomes, but two
of them have homomorphic X and Y with
distinct centromeric indexes [6]. Within the
same population of marsupial frogs (Gas-
trotheca pseustes) there are two distinct
male genotypes, with distinct telomeric
regions in the long arms of the Y chromo-
some [7]. In males of Rana narina, two
heteromorphic pairs of chromosomes
(pairs 1 and 8) seem to exist [8].

Another amazing system was observed
in the frog Leiopelma hochstetteri from
New-Zealand: in the North Island an uni-
valent W chromosome with interindividual
polymorphism exists in females (i.e. 2n =
22 + W that is 00/WO0), whereas in the great
Barrier Island this chromosome does not
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exist and no heterochromosomes have been
found [9, 10]. The other living species of
Leiopelmatidae have Z and W sex chromo-
somes and a lower chromosome number
(2n=18; [11]). In L. hochstetteri, there are
uncommonly high numbers (up to 15) of
supernumerary chromosomes, called B chro-
mosomes. These chromosomes are derived
from the univalent female W chromosome
[12] that did not participate in the recombi-
nation process and therefore rapidly accu-
mulated mutations (a process called “Muller
ratchet”). These chromosomes do not seem
to participate in any part of sex determination.

Another system involving multiple sex
chromosomes has been described in Eleu-
therodactylus maussi [13]. The females dis-
play 2n = 36 chromosomes and nearly all
males display 2n = 35. A Robertsonian
fusion of the ancestral Y chromosome with
an autosome (called AY) was probably at the
origin of this situation. As a consequence,
female differentiation takes place when
individuals display two X chromosomes and
not the AY chromosome: this is written
XXAA. All males are therefore X0AAY or
XAAY, that is they present a univalent X
chromosome. Since the AY chromosome
is a sex chromosome, the designation
XX X5X, @ /X X,Y S is also sometimes
used.

Adult newts of the crested newt group
(e.g. Triturus cristatus or T. carnifex) always
present a heteromorphic chromosome 1,
regardless of sex. This chromosome holds
a lethal recessive allele (larval mortality
level equivalent to the expected homozygous
proportion) and is considered as an inactive
relictual sex chromosome [14].

Some sex-linked genes (that are markers
of sexual genotypes) were observed in
many amphibian species (see Tab.I and
review in [15]), but none seem to be com-
mon to all amphibian species. Even at times,
as in Rana japonica, certain sex-linked
genes were observed only in some popula-
tions and not in others [16]. As in all other
vertebrates studied, the expression of the
H-Y antigen was observed in gonads of the

heterogametic sex in several amphibian
species (reviewed in [17]).

3. ORIGINS OF GENOTYPIC SEX
DETERMINATION SYSTEMS

It seems clear today that genotypic sex
determination and sex chromosomes have
evolved in various manners within the
amphibian phylum, at the family level or
even at the species level [1], as is also the
case in other vertebrate phyla [18]. Moreo-
ver it is commonly accepted that in the
entire animal kingdom the systems of chro-
mosomal sex determination have evolved
independently within taxa [19, 20].

Certain authors even consider that if sex
chromosomes have not been highlighted in
many species, it is not because of their non-
existence but because genes related with
these chromosomes were located in poorly
differentiated regions [1, 4]. According to
these authors, an ancestral heterogamety is
a prerequisite and they hypothesised that it
was a female heterogamety. Nevertheless
this assertion remains questionable [21].
Moreover there is no information about sex
chromosomes, especially heteromorphism,
in Caecilians, one of the three amphibian
orders [3]. In fact, there is currently no evi-
dence that following the example of birds
[22], the various amphibian sex chromo-
somes are derived from one or more ances-
tral autosome pairs.

4. GENES INVOLVED IN GONADAL
SEX DIFFERENTIATION

Investigations to characterise genes
involved in gonadal sex differentiation of
amphibians have been largely based on
results obtained in mammals. In this latter
group, the Y chromosome is known to carry
a gene whose expression initiates testis dif-
ferentiation [23]. It is located in a region
called the Sex-determining region Y, and is
therefore named the Sry gene. If Sry is not
present (e.g. in the XX combination) or if



542

Table I. Amphibian sex-linked genes.

C. Eggert

Type Name Species
Enzyme Peptidase PEP-1 Pleurodeles waltlii, Pleurodeles
poireti
Aconitate hydratase ACON-1 Rana clamitans, Rana sphenocephala
Aspartate aminotransferase AAT-1 Burgeria buergeri
Malic enzyme mME Xenopus laevis
” ME-1 Rana pipiens, Rana brevipoda
Lactate deshydrogenase LDH-B Rana catesbeiana, Rana esculenta,
Rana brevipoda
Peptidase PEP-B Rana esculenta, Rana brevipoda
” PEP-C Rana pipiens
Superoxyde dismutase SOD-1 Rana pipiens, Rana blairi
Fructose biphosphatase F16DP Rana berlandieri
Alcohol deshydrogenase ADH-2 Rana berlandieri
Phosphoglucomutase PGM-1 Rana berlandieri
B-Glucosidase -GLU Rana berlandieri
Mannose phosphate isomerase MPI Rana esculenta, Rana brevipoda, Rana
nigromaculata, Rana japonica (X)
Hexokinase HK Rana nigromaculata
” HK-1 Rana esculenta
Sorbitol deshydrogenase SORDH Rana nigromaculata
Enolase ENO Rana nigromaculata
ADP/ATP ADP/ATP
translocase translocase  Rana rugosa
Blood protein Albumin Alb Rana berlandieri, Rana japonica (X)
Other Nucleolar organizer NOR Burgeria buergeri

(1-nu female, 2-nu male)

(x): For those genes and species, sex-linkage was observed in some populations only. Urodeles are repre-
sented only by Pleurodeles. All the references are in [15].

it is not expressed, then the female devel-
opmental pathway would be initiated in
eutherian mammals [17,24]. In humans, the
SRY gene is dominant and regulates tran-
scription of a number of downstream genes
that will lead to testicular development
[25]. Other genes such as SfI (Steroidog-
enic Factor 1), WT'l (Wilms’tumour 1) in
both sexes or Sox9, Mis, Dmrtl, Daxl in
one of the sexes are involved in early mam-

malian gonadal differentiation [26]. Thus,
Sf1 and WT1 are required for gonadal for-
mation. In testicular differentiation they
have a synergistic action on the transcrip-
tion of Sox9 (an autosomal gene closely
related to Sry) and Mis (or Amh, anti-Miille-
rian hormone) that are both expressed in
Sertolli cells of seminiferous cords [26, 27].
In ovarian differentiation, Dax 1, by interact-
ing with SF'/, prevents the synergistic action
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of SF1 and WT1 and thus acts as a repressor
of Sox9 and Mis transcription [28, 29].

Sox sequences have been identified in
some amphibian species, but their roles in
sexual development are still poorly under-
stood, but at least seem to be somewhat dis-
tinct from the role in mammals [3, 30]. As
an example, the xSox12 gene in Xenopus
laevis is found in both sexes, but is expressed
mainly in the ovaries [31]. Similarly, in this
species a gene sequence homologous to
Sox3, that is believed to be the ancestral
gene of SRY [32], has been found to be
expressed exclusively in the ovaries [33].
However xSox18 is expressed moderately
in the testis and is undetectable in the ovary
[34]. Differential expression of the Dax/
gene has been observed in amphibians [35]
but on the contrary to mammals, it increases
in the testis whereas it declines in the ova-
ries. Expression of Dmrt1 has been observed
in the frog testis, suggesting that, as in all
other vertebrates, it also participates in tes-
ticular differentiation in amphibians [36].
Expression of the SF1 protein was shown to
be higher in the ovaries than in the testis at
the time of sexual differentiation [37].

5. SENSITIVITY OF SEX
DETERMINATION
TO EPIGENETIC FACTORS

Epigenetic factors can override geno-
typic sex determination: this is then referred
to as sex reversal. If sex reversal has been
observed in the laboratory in several spe-
cies, its occurrence in wild populations is
hard to evaluate. An XY female and three
YY (albino) males of Hyla (arborea)
Jjaponica were discovered in the wild [38].
These males, cross-bred with standard females
(XX) generated exclusively male offspring.
In this case, the causes of inversion remain
unknown. The occurrence of an isolated sex
reversal event was suspected because of the
abnormal age structure in a wild population
of Pelobates fuscus [21, 39]. Some proto-
gyneous individuals under the supposed
influence of a low male density in Hyperolius

viridiflavus [40] or some proterandreous
individuals under the supposed influence of
“food castration” in Triturus alpestris [41]
were observed in captivity. The discovery
of the influence of the ionic composition of
a breeding habitat on the sex ratio of Dis-
coglossus by Stolkowski [42] launched sev-
eral researches about sex control at birth in
humans. King [43] already observed that
steeping toad eggs for a few minutes prior
to fertilisation in a 2% salt or cane sugar
solution, could bias the sex ratio at meta-
morphosis in favour of females. But as in
many reptiles [44] and certain fishes [45,
46], it is the temperature that seems to have
the most outstanding effects on sex deter-
mination. For example, Witschi [47] observed
sex reversal of all females in Rana sylvatica
by rearing larvae at high temperature
(32 °C £ 2 °C). Such masculinisation (more
or less perfect) induced by heating at tem-
peratures generally higher than 25 °C has
been observed in several species of very dif-
ferent groups (Tab. II). Generally, at ambi-
ent temperature (16 to 24 °C), the sex ratio
is well balanced whereas extreme temper-
atures disturb differentiation of one of the
sexes [48]. However, according to Piquet
[49], a temperature of only 20 °C mascu-
linises some females in Rana temporaria.
Conversely, a feminising action of high
temperature has been observed in Pleu-
rodeles poireti (reviewed in [48]).

The effect of low temperature is hard to
bring to the fore, mortality being generally
high and development very slow. The
experiments carried out by Witschi [50] and
Piquet [49] on Rana temporaria tend to
show a transient feminisation, but as noticed
by Piquet [49] and Dournon et al. [48], the
individuals observed belong to an undiffer-
entiated race (producing 100% females at
metamorphosis). Low temperature would
only have a braking action upon gonadal
development and breeding would have pro-
duced in the long run 50% of both sexes, but
this hypothesis remains to be confirmed.

However, sex reversal caused by tem-
perature is not observed in all amphibian
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Table II. Effect of temperature on sexual differentiation in amphibians.

Species Type Reference

Anura
Rana temporaria I (IT transient) [49, 50]
Rana sylvatica 1 [47]
Rana japonica 1 [62] (1)
Rana catesbeiana 1 [63]
Rana “esculenta” av?) [64]
Bufo bufo I1(+11?7) [49]
Xenopus laevis polyploid IV + 111 [51]

Urodela
Hynobius retardatus 1 [65]
Pleurodeles waltl 1 [66]
Pleurodeles poireti III [67]
Triturus carnifex I+1I [68]
Triturus cristatus I+11 [69]

Type I: masculinising effect of high temperature; type II: feminising effect of low temperature; type III:
feminising effect of high temperature; type IV: masculinising effect of low temperature. According to

[21]. (1) Thiourea treated tadpoles.

species [4]. In Xenopus laevis, temperature
has no effect on the primary sex ratio [30],
but an effect has been observed on hybrid
polyploid forms bred in the laboratory [51].
In this case, low temperatures (16 °C) yield
more males, and high temperatures (26 °C)
more females.

The effect of temperature is limited in
time to a sensitive period, for example
between the fourth (stage 43, [52]) and the
twelfth weeks (stage 54, [52]) of larval
development of Pleurodeles waltl, hence
mainly before the first signs of histological
differentiation of the gonads. The effect of
fluctuating temperatures (following a circa-
dian cycle for example) is not documented.
Similarly, the innermost mechanisms of the
action of temperature are not known. The
expression of one or several genes could be
thermo-sensitive. In reptiles with temperature-
dependent sex determination, aromatase
seems to play a key role [44]. In amphibians,
it has been suggested that the W chromo-

some could encode a factor leading to the
activation of aromatase synthesis, whereas
the Y chromosome could encode a factor
leading to repression of aromatase synthe-
sis [53]. Extreme temperatures could act in
a still unknown manner (direct? indirect?)
on one or the other molecules involved in
this system. Many factors are suspected,
especially factors such as SF1 that have a
regulating action on aromatase, the enzyme
that converts androgens to oestrogens [54].
Also the possibility for aromatase to be sub-
jected to post-transcriptional regulation has
been strongly suggested [53].

6. PARTICULARITIES
OF REPRODUCTION AND SEXUAL
DIFFERENTIATION

Even though “classical” sexual reproduc-
tion represents the majority among amphib-
ians, parthenogenesis also exists. Thus
natural populations of triploid females of
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Ambystoma platineum and A. tremblayi
maintain themselves thanks to sympatric
diploid males of the complex Ambystoma
Jjeffersoniuml/laterale. Their sperm are nec-
essary to stimulate the development of par-
thenogenetic eggs. Parthenogenesis has not
been discovered in anurans, although it can
be artificially induced (by pricking the egg
for example). In the very particular case of
green frogs belonging to the Rana esculenta
complex, some populations show females
with an XY genotype [55]. Since these
females are hybrids, it has been suggested
that the gene(s) involved would not be
expressed in the same way as in non-
hybrids. In the Rana esculenta complex, the
reproduction system is indeed rather pecu-
liar: itis ahemiclonal hybridogenesis. Rana
esculenta is a hybrid between R. lessonae
and R. ridibunda, but in the hybrid, when
gametogenesis occurs, the genome coming
from R. lessonae is rejected, while the one
from R. ridibunda is duplicated: only gam-
etes containing R. ridibunda genes are thus
produced. The R. esculenta x R. esculenta
offspring is often non-viable due to the
accumulation of deleterious mutations. Often
R. ridibunda is not present within such pop-
ulations, the hybrid form maintaining itself
by breeding with R. lessonae [56]. Recently,
and for the first time in the animal kingdom,
a toad species with triploid males and
females that breed normally was discovered
[57]. In this toad from Pakistan, duplication
of only one of the three chromosomes of the
triplet occurs before meiotic division dur-
ing ovogenesis, the cells thus going through
a transient tetraploid state before producing
diploid gametes. During spermatogenesis,
first a chromosome reducing towards 2n
occurs before the classical meiotic division.
Each fertilised egg is therefore made up of
one set of paternal chromosomes and two
sets of maternal chromosomes. The mecha-
nism of sex determination is not yet known.

In amphibians, gonads start to develop
before metamorphosis, and in numerous
species they are sexually differentiated at
metamorphosis. However, rather old obser-
vations showed that some peculiarities of

the setting-up of gonads after metamorpho-
sis could exist. During the X1xth century,
several researchers (reviewed in [49]) had
noticed that in spite of a balanced sex ratio
among adults, more phenotypic females
than phenotypic males were produced at
metamorphosis in the common frog (Rana
temporaria). Witschi [47] showed that the
excess of females observed was due to tran-
sient juvenile hermaphroditism of the pro-
togyne type. He distinguished three cases
(Fig.2): (1) all tadpoles have female gonads
at metamorphosis, then half of them become
transiently hermaphrodites and finally evolve
to become males in populations that he
assigned to a ‘“sexually undifferentiated
breed” type; (2) abalanced sex ratio as soon
as metamorphosis occurs in the “sexually
differentiated breeds”, which thus have an
early sex differentiation of the gonads, before
metamorphosis; (3) there is a variable pro-
portion of females and of intersexuals (with
ovotestes) at metamorphosis. After meta-
morphosis, intersexuals and some females
can turn into males (“semi-differentiated
sexual breeds”). Actually, in this case, dif-
ferentiation occurs during metamorphosis.
In the “differentiated breeds”, hermaphro-
ditism sometime occurs, mainly before met-
amorphosis (Fig. 2) and could be observed
especially by rearing larvae at low temper-
ature [49].

The individuals of differentiated and
undifferentiated breeds can interbreed. Both
forms can sometimes exist in a given pop-
ulation [58]. In addition, Witschi [59]
observed that in controlled breeding, the
parental type is transmitted. In the undiffer-
entiated breeds of the common frog (Rana
temporaria), the first hermaphrodites occur
about two months after metamorphosis,
after which several months are required to
have only differentiated individuals. How-
ever, it seems that the role of habitat related
factors should not be completely discarded,
since in the course of translocation experi-
ments of individuals from mountainous to
plain areas, their descendants turned out to
be of the semi-differentiated type [60].



546 C. Eggert

Female Gonads

Developmental rate

&
@ 05 Undifferentiated Gonads /f
o3
T
Ovetestes /
Male Gonads
0

4

Undifferentiated races

Metamaorphcsis occurence @

Semi-differ enticted rocss

Differentiated races

Figure 2. Diagram illustrating the development of gonads in some amphibians: individuals could
go through a “female gonads” phase, then half of them become males after an intersexual phase.
According to the metamorphosis period, individuals are placed in undifferentiated, semi-
differentiated or differentiated sexual breeds. Note that the scale of the developmental axis varies
among species, breed types or rearing temperature (see text).

It is surprising to notice that these pecu-
liarities are no longer the subject of research,
and even seem to be ignored in numerous
publications. It is of course important to
take them into account when studying the
effects of environment on sexual differen-
tiation, i.e. the effects of temperature just as
well as those of molecules likely to disturb
the endocrine system.

7. CONCLUSION

There is an astonishing diversity of mech-
anisms of genotypic sex determination in
amphibians. In the laboratory, gonadal sex
differentiation can be perturbed and even
reversed by epigenetic factors, such as tem-
perature. However in natural conditions the
occurrence of thermal sex reversal is prob-
ably low. In currently living reptiles, many
species (all crocodilians, many turtles and
some lizards) show a Temperature-depend-
ent Sex Determination (TSD), whereas other

species show a Genotypic Sex Determination
(GSD) —e.g. all snakes display a heteroga-
metic ZW system. Both systems (GSD and
TSD) can be found together. Also fish present
a diversity of sex determination mechanisms
comparable to those of reptiles or amphib-
ians. On the contrary, mammals, whose ori-
gin takes place in the long phylum between
amphibian ancestors and current living reptiles
and birds (see Fig. 1), show great homoge-
neity. Several authors have hypothesised
that GSD is derived from TSD [4]. Crews
[61] even suggests that the influence of tem-
perature could still exist, but is hidden, in
endotherms. It seems quite clear, in partic-
ular regarding amphibian situations, that
GSD systems have evolved quite distinctly
many times. Hayes [4] even considers that
the influence of temperature is just an arte-
fact in amphibians, in relation to unusually
high temperatures. The observation of sex
chromosomes in species showing tempera-
ture sensitivity has strengthened the support
of Hayes for this idea. Nevertheless the
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inquiry on the effect of temperature must be
actively pursued in species without distin-
guishable sex chromosomes. Knowledge in
this field remains quite elementary: among
other questions, we still need to investigate
to what extent temperature sensitivity in
amphibians and TSD in reptiles share com-
mon processes. It also remains to be under-
stood how distinct taxa, and among them
mammals, have managed to free themselves
from the effect of temperature.
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