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Müllerian duct was greatly enlarged in width compared 
to the controls (Fig. 2C, D). In addition, 4 of 7 (ZZ) 
and 11 of 13 (ZW) PPT-administrated embryos showed 
multiple glandular structures in the Müllerian duct (Fig. 
2D). None of the other treatment groups exhibited any 
of these structures. 

DISCUSSION

The  modes  o f  sex  de te rmina t ion  among 
vertebrates exhibit remarkable diversity. In particular, 
reptiles comprise an intriguingly wide range of sex 
determination systems, ranging from GSD to TSD. 

Fig. 2.  Histology of the Müllerian duct in embryos exposed to E2 or PPT. (A–D) Representative cross-sections of HE stained Müllerian (arrows) 
ducts at stage 26 for control female (A), E2-exposed male (B), PPT-exposed males (C) and PPT-exposed females (D). Note the glandular 
development in the Müllerian duct of embryos exposed to PPT. Scale bar = 100 μm.

Table 2.  Phenotypes of the Müllrian duct in embryos exposed to E2 or PPT

Müllrian duct 

Treatment Genetic sex (number of embryos) Absence Presence (hyperplasia with granduar development)

EtOH ZZ (17) 17 0
ZW (7) 0 7 (0)

E2 ZZ (7) 0 7 (0)
ZW (4) 0 4 (0)

PPT ZZ (7) 0 7 (4)
ZW (13) 0 13 (11)
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Primary factors of sex determination in reptiles, 
therefore, largely remain elusive. Recent studies 
have suggested that Doublesex and mab-3 related 
transcription factor 1 (DMRT1), which encodes a 
putative transcription factor with a conserved (dsx 
and mab-3) DM domain, and Anti-Müllerian hormone 
(Amh), a member of the transforming growth factor β 
(TGFβ) signaling family, are strong candidates for a 
trigger that leads to male gonadal differentiation in the 
Chinese soft-shelled turtle (Sun et al. 2017; Zhou et al. 
2019). However, both genes are mapped to autosomes 
in this species (Kawai et al. 2007) suggesting that other 
factors are involved in regulating the expressions of 
these genes and testicular differentiation. Although 
ovarian fate determination has not been cleared either, 
there is no doubt that estrogen signaling is the most 
critical mediator of ovarian differentiation, particularly 
in non-mammalian vertebrates. In general,  the 
expression of cytochrome P450, family 19, subfamily 
a (cyp19a; also named aromatase), which converts 
testosterone to E2, coincides with the later period of 
gonadal differentiation, and thus estrogens seem to 
determine the gonadal fate in turtles and crocodilians 
(Gabriel et al. 2001; Murdock and Wibbels 2003; Yatsu 
et al. 2016). For turtles, the exogenous estrogen has 
been shown to be associated with ovarian differentiation 
in both TSD and GSD species; e.g., red-eared slider 
turtle (Trachemys scripta) (Crews et al. 1991), snapping 
turtle (Chelydra serpentina) (Crews et al. 1989), painted 
turtle (Chrysemys picta) (Gutzke and Bull 1986), 
spiny soft-shelled turtle (Bull et al. 1988) and Chinese 
soft-shelled turtle (Sun et al. 2017). Most vertebrates 
possess two ESR subtypes, ESR1 and ESR2; however, 
to date, the distinct roles of ESRs have only been 
characterized by a limited number of species, and thus 
ESR subtypes that mediate above estrogen-induced 
ovarian differentiation remain elusive. The current study 
employed pharmacological manipulation using PPT, 
which is available for ESR-specific agonist in reptiles 
(Kohno et al. 2015) and showed that PPT induced 
ovarian differentiation in ZZ-embryos of the Chinese 
soft-shelled turtle.

Previous reports also supported the idea that ESR1 
is essential for ovarian differentiation. In the red-eared 
turtle, a TSD animal, ESR1 expression levels spike 
at stage 19 (during the temperature-sensitive period), 
and the peak expression under the female-producing 
condition is higher than that under the male-producing 
condition. While ESR1 expression falls during ovarian 
differentiation, ESR2 mRNA increases at stage 23 (after 
the sex is determined) at female-producing condition 
(Ramsey and Crews 2007). These data suggest that both 
ESR1 and ESR2 are involved in ovarian differentiation 
sequentially, but ESR1 could play more important 

roles for determining the ovarian fate in the red-eared 
turtle. In the American alligator, exogenous exposure 
of PPT induces ovarian differentiation even under the 
male-producing condition, but such sex reversal is not 
observed under exposure to WAY 200070, an ESR2-
specific agonist (Kohno et al. 2015), also suggesting a 
critical role of ESR1 in ovarian differentiation. These 
observations concur with the current results; however, 
further research is needed regarding the contribution of 
ESR2 in the soft-shelled turtle. 

In the current experiment, some of the ZZ-embryos 
that were administered E2 and PPT exhibited thicker 
cortexes but lacked a lacunae structure. This is probably 
due to delays in gonadal growth and development, 
which are induced by E2 or PPT administration. In sea 
turtle (Lepidochelys olivacea), E2 administration can 
induce male to female sex reversal, but their ovaries 
were remarkably small (Diaz-Hernandez et al. 2015 
2017). 

In addition, it has been shown that the exogenous 
exposure of PPT during embryonic development 
induces a significant enlargement of the Müllerian duct 
with the epithelial hypertrophy and precocious gland 
development, whereas E2 only induces hypertrophic 
phenotypes in the luminal epithelium in a previous study 
of the American alligator (Doheny et al. 2016; Kohno 
et al. 2015) and red-eared turtle (Dodd and Wibbels 
2008). We showed that this is also the case in the soft-
shelled turtles. ESR1 basically mediates estrogen effects 
in female reproductive tracts in mouse while ESR2 
antagonized ESR1-mediated estrogenic action. Thus, the 
two ESRs often have a yin/yang relationship (Gustafsson 
2016). E2 can activate both ESR1 and ESR2, but PPT 
only stimulates ESR1 pathway. It is possible that an 
excessive ESR1-mediated action promotes glandular 
development in the Müllerian duct. It may also be 
possible that an over-dosage of estrogen influenced 
pituitary hormone levels and/or activity, and secondarily 
affected steroid hormone production in gonads, although 
it remains unclear whether feedback between gonads 
and the hypothalamo-pituitary system was established 
during embryos in reptiles. In the red-eared turtle, 
exogenous E2 administration in ovo inhibited Müllerian 
duct development, resulting in the loss of the oviduct 
in the hatchlings, regardless of ovarian development 
(Dodd and Wibbels 2008; Matsumoto et al. 2014), but 
all embryos that were administered chemicals in the 
current study developed the Müllerian ducts.

To date, several lines of analyses implicate 
es t rogenic  endocrine disrupt ing chemicals  in 
reproductive abnormalities in wildlife. However, 
knowledge of the reptilian endocrine system has been 
limited. The current results will help understand the 
mechanisms of endocrine disruption issues in reptiles.
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CONCLUSIONS

The current study has revealed that ESR1 plays 
an important role in ovarian differentiation by the 
exogenous estrogen administration in the Chinese soft-
shelled turtle. The activation of ESR1 also induced 
the Müllerian duct enlargement and aberrant glandular 
development. Although the relative importance of ESR2 
warrants further study, the balance between ESR1 and 
ESR2 may be important for normal Müllerian duct 
development. 
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