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Abstract

Background: Gonochorist teleosts are teleosts in which individuals develop either as males or as females, and are
sexually stable thereafter throughout ontogeny. However, there is a labile period, defined as the time period prior
to hatching through juvenile stage before sexual maturation (adulthood), during which gonadal sex differentiation
can be influenced by environmental conditions, including exogenous chemical treatments. Usually, during this
period, depending on the nature of chemical treatment, gonadal sex can be reversed from one phenotypic sex to
another. A number of chemicals, ranging especially from sex steroids (natural and synthetic) to the more recent
one, aromatase inhibitors, have been employed for the purpose of sex reversal in different gonochorist teleost
species during the labile period. Thus, the labile period requirement for treatment application before adulthood in
order to achieve gonadal sex reversal in gonochorist teleost is well founded. Interestingly, however, some degree of
gonadal bipotentiality has recently been reported with mixed findings in adults of certain gonochorist teleost
species upon treatment with exogenous chemicals, especially aromatase inhibitors. Consequently, it is now widely
thought that gonochorist teleost species are amenable to chemical-induced gonadal sex reversal after sexual
maturity.

Method: Here, all studies on chemical-induced gonadal sex reversal in adult gonochorist teleosts were reviewed.

Results: Data strongly suggest that there are certain gonochorist teleost species in which adults may not be amenable
to gonadal sex reversal through 17β-estradiol depletion by aromatase inhibitors and that the generalization of chemical-
induced gonadal sex reversal remains to be experimentally determined in adult gonochorist teleost.

Conclusion: It was concluded that further studies are required for clarification, considering, among others, that
population-level effect models of these chemicals on wild fish populations are based on the understanding
that environmental sex reversal occurs only during development and not after sexual maturity.
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Background
Early studies on reproductive behavior, while investigat-
ing hormonal role in the expression of secondary sex
characters, revealed the possibility of experimental go-
nadal sex manipulation using sex steroids. Thereafter,
gonadal sex manipulation in fish increasingly generated

a lot of interest, due in part to their particularly intri-
guing unparalleled reproductive strategies and then ap-
plications in economically important species (Hunter &
Donaldson, 1983).
While there was a preponderance of studies on different

fish species especially on the guppy, Lebistes recticulatus,
and topminnow, Gambusia affinis (Berkowitz, 1938;
Berkowitz, 1941; Eversole, 1939; Hopper, 1949; Turner,
1942), there were, however, a number of extensive studies
on the Japanese medaka, Oryzias latipes. The first in the
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series (Yamamoto, 1953) was a landmark which clearly
demonstrated a complete and functional sex reversal in
fish, and the fry prior to estrone treatment were genetic-
ally determined to be male as against the sex ratio criter-
ion prevalent at the time. Further, it was observed that
sex-reversed female (male genotype) were fertile and
reproduced offspring on mating with normal male.
In female medaka, Yamamoto (1958) also observed a

complete and functional sex reversal from female to
male upon exposure to androgen following hatching for
several months. Very clearly, Yamamoto (1959a) further
evaluated the effect of estrone dosage level on the induc-
tion of sex reversal in both male and female medaka. He
observed that the induction of sex reversal increased
with dose. On the period of exogenous sex hormone ap-
plication, Yamamoto (1959b) revealed with medaka that
continuous treatment before the time of gonadal sex dif-
ferentiation, through the stage of final differentiation, is
sufficient to induce complete gonadal sex reversal. Inter-
estingly, at low dosage level, Yamamoto and Matsuda
(1963), in addition to some male-to-female sex reversal
in estrogenized medaka, observed some intersex gonads,
and the result further suggested optimal dose require-
ment for complete sex reversal.
On the subject, it became possible from available data

to conclude and establish as criteria that hormone ad-
ministration must cover the time prior to, and passing
through, the stage of gonadal sex differentiation other-
wise known as labile or window period in sufficient dose
to induce complete and functional sex reversal in gono-
chorist teleost (Yamamoto, 1959b; Yamamoto &
Kajishima, 1968). Additionally, the criteria have been
further demonstrated comprehensively in different gono-
chorist teleost species with sex steroid treatment. Thus,
the requirement of exogenous chemical treatments only
during the labile period, before sexual maturity, to in-
duce complete gonadal sex reversal in gonochorist tele-
ost is well founded (Nakamura et al., 2003; Pandian &
Kirankumar, 2003; Pandian & Sheela, 1995; Piferrer,
2001; Shen et al., 2013).
Interestingly, however, some degree of gonadal sex re-

versal in adults of certain gonochorist teleost species
upon chemical treatment has been recently demon-
strated with mixed findings (Göppert et al., 2016; Sun
et al., 2014; Takatsu et al., 2013). Consequently, gono-
chorist teleost species are now generally thought to be
amenable to gonadal sex reversal with chemical treat-
ment after sexual maturity (Baroiller & D’Cotta, 2016;
Rosenfeld et al., 2017; Sun et al., 2014). Nevertheless,
not much is known about how these recent findings, in-
dividually and as a whole, compare with the long-
standing understanding of the labile period requirement
for gonadal sex reversal in gonochorist teleost. Here, for
the first time, all studies on the induction of gonadal sex

reversal in adult gonochorist teleosts by chemical treat-
ments are reviewed. This, very clearly, is of critical im-
portance as the environment is replete with the same
endocrine-active chemicals (Sun et al., 2007), and
population-level effect models of environmental sex re-
versal are essentially predicated on the understanding
that gonadal sex reversal occurs only during develop-
ment and not in adult fish (Cotton & Wedekind, 2009;
Hurley et al., 2004).

Gonochorist teleosts
These are teleost species in which individuals develop ei-
ther as males or as females, and are stable thereafter
throughout life (Patino, 1997). The gonadal developmental
pathway usually taken to achieve this can be direct or in-
direct (Sandra & Norma, 2010). However, what makes this
group of teleost fish ongenetically different is that once
gonadal sex is established, it remains so throughout life as
against hermaphroditism (which simultaneously or
sequentially have both female and male gonads) and uni-
sexuality (all female individuals) (Baroiller & D’Cotta,
2016).
According to Yamamoto (1969), there are two broad

categories of gonochorist teleosts depending on the go-
nadal developmental pathway taken: they are the differ-
entiated and the undifferentiated gonochorist teleosts. In
the differentiated gonochorist teleost, gonadal differenti-
ation proceeds from an indifferent gonad directly into
either male or female gonads, whereas in the undifferen-
tiated gonochorist teleost, all individuals initially develop
only an ovary-type gonad, and subsequently, about half
of the population develop testis upon apoptotic oocyte
degeneration, while the other half develop as females
(Sandra & Norma, 2010). This developmental pathway
taken by undifferentiated gonochorist, such as zebrafish,
has also been described as non-functional protogynic
hermaphroditism (Maack & Segner, 2003) and juvenile
hermaphroditism (Sandra & Norma, 2010) because the
ovary respectively contains only oocytes of the primary
growth stage but not cortical alveolar or vitellogenic oo-
cyte stage, and gonadal differentiation proceeds through
a transient period of intersexuality before committing to
either ovarian or testicular differentiation. Additionally,
some gonochorist species have been described in which
juveniles, initially with bipotential intersexual gonads,
develop into males or females directly (Devlin &
Nagahama, 2002; Sandra & Norma, 2010).
In both differentiated and undifferentiated gonochorist

teleosts, gonadal differentiation usually goes through a
species-specific labile or window period, during which
they are amenable to gonadal sex reversal regardless of
genetic sex (Pandian & Kirankumar, 2003). The labile
period typically occurs, however, during the time period
between the undifferentiated gonad and terminal
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gonadal differentiation (Shen et al., 2013). Further, it is
well founded that during the labile period, gonochorist
teleost species retain gonadal bipotentiality and there-
after commit irreversibly to testicular or ovarian differ-
entiation (Pandian & Kirankumar, 2003; Piferrer, 2001;
Shen et al., 2013).

Labile period of gonadal differentiation in gonochorist
teleosts
The labile period of gonadal differentiation in gonochor-
ist teleost has been defined as the period of time cover-
ing one or more life stages, when the sexually
undifferentiated or differentiating gonad is responsive
and amenable to the desired high percentage of sex re-
versal on exposure to an optimal dose of sex-inducing
substance (Mathieu-Denoncourt et al., 2015; Shen et al.,
2013). Gonadal histological studies of a number of gono-
chorist teleost species have long established that depend-
ing on the inception and duration of gonadal
differentiation, the labile period can be grouped into two
broad life stages, which are the immediate post-hatching
and the late juvenile stages (Piferrer, 2001; Yamazaki,
1976). The immediate post-hatching stage labile period,
which is the case for most gonochorist teleost species,
corresponds to 10–40 days following hatching (or just
before hatching in some cases) (Pandian & Kirankumar,
2003), whereas the late juvenile stage labile period corre-
sponds to 150–500 days, covering the beginning of go-
nadal sex differentiation and its duration into late
juvenile (Pandian & Sheela, 1995). Further, this has been
extensively described in gonochorist teleosts with differ-
ent chemical treatments (Devlin and Nagahama, 2002).
A number of exogenous chemicals have been used for

gonadal sex reversal in fish, chief among which are nat-
ural and synthetic sex steroids (reviewed by Devlin and
Nagahama, 2002; Piferrer, 2001). Other chemicals such
as neuropeptides (Kramer & Imbriano, 1997) and, more
recently, aromatase inhibitors (Afonso et al., 2000;
Piferrer et al., 1994) and other steroidogenic enzyme in-
hibitors such as trilostane, metopirone, and glycyrrheti-
nic acid (Shi et al., 2017) have also been reported.
Further, these sex-inducing chemicals have been shown
to result in varying degrees of gonadal sex reversal in
gonochorist teleost fishes (Pandian & Kirankumar,
2003), and it is not known whether there is also vari-
ation in the molecular mechanism regulating the main-
tenance of sexual phenotype in adults of these species.

Maintenance of sexual phenotype in adult
gonochorist teleost
It is generally thought that sexual development, includ-
ing maintenance of sexual phenotype, downstream of
sex determination is conserved among phyla unlike sex
determination (Kobayashi & Nagahama, 2009). However,

mounting evidence shows that such downstream sexual
developmental program may not be conserved in gono-
chorist teleosts (Böhne et al., 2013). In female mammals,
or at least in mice, genetic analyses show that forkhead
box L2 gene (foxl2) and estrogen are required for the
maintenance of femaleness throughout adult life (Uhlen-
haut et al., 2009) and are considered the most conserved
ovary-maintenance factors in vertebrates (Heule, Sal-
zburger, & Böhne, 2014). The role of foxl2 appears to be
estrogen-mediated, through its transcriptional activation
of Cyp19a1a (ovarian aromatase), an enzyme responsible
for the biosynthesis of estrogen (Wang et al., 2007).
Expectedly, in female gonochorist teleosts, though the

cascade of molecular regulation responsible for the main-
tenance of ovarian phenotype is far from understood, es-
trogen appears to oversee this process (Paul-Prasanth
et al., 2013; Takatsu et al., 2013). Consistent with this, as
oocyte-deficient ovary usually fails to maintain the expres-
sion of cyp19a1a (Rodriguez-Mari et al., 2010), an oocyte-
derived signal has been demonstrated to be particularly
prominent in the maintenance of female sexual phenotype
throughout adult life in zebrafish, in which oocyte ablation
resulted in female to male gonadal sex reversal (Dranow
et al., 2013a). However, it is increasingly becoming prob-
able that this pathway, requiring estrogen for the mainten-
ance of female sexual phenotype, may not be conserved in
adult gonochorist teleost. For example, in the cichlids,
Ophthalmotilapia ventralis, there is a shift in the expres-
sion of cy19a1a from ovary-specific to ovaries and testes,
while in Astatotilapia burtoni, the main site of cyp19a1b
(the brain isoform of aromatase in teloests) synthesis is
the testis and not the brain (Heule et al., 2014). Notably,
this deviation does not explain the general assumption
that ovary-specific upregulation of estrogen expression is
required to maintain female sexual phenotype in adult
gonochorist teleosts.
Conversely, in male mammals, the Sry-related high

mobility group box 9 gene (sox9), which has been con-
sidered as one of the most conserved testicular factors in
sexual development in vertebrates, is also thought to be
the female’s cyp19a1a counterpart (Uhlenhaut et al.,
2009; Valenzuela et al., 2013). In gonochorist teleosts,
sox9 appears to have a role concerned with both initi-
ation of testicular differentiation in some species
(Raghuveer & Senthilkumaran, 2010) and testicular de-
velopment downstream of differentiation in other spe-
cies (Chiang et al. 2001; Kobayashi & Nagahama, 2009;
Nakamoto et al., 2005). Additionally, expression of ovary
type sox9 has also been reported in some gonochorist
teleosts (Kobayashi & Nagahama, 2009). Thus, the role
of sox9 in fish is more flexible than that seen in mam-
mals. Importantly, however, while the genetic network
responsible for the maintenance of male sexual pheno-
type in adult gonochorist teleost remains to be
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elucidated, the general assumption is that it requires the
downregulation of estrogen through the suppression of
folx2 and cyp19a1a to prevent the transdifferentiation of
terminally differentiated testis to ovary (Uhlenhaut et al.,
2009). Nonetheless, the recent demonstration that estro-
gen is highly expressed in both ovaries and testes of
adult A. burtoni and O. ventralis implies that the path-
way responsible for the maintenance of terminally
differentiated testes may not be conserved in adult gono-
chorist teleost (Böhne et al., 2013). Put together, this
strongly suggests that there may be variation in the
physiological response, including gonadal sex reversal, to
chemicals which have potential to interfere with sex
steroid in adult gonochorist teleosts, and the
generalization of such responses may be difficult.

Chemical-induced sex reversal in adult
gonochorist teleost: recent findings
Recently, it has been observed with mixed findings, some
degree of gonadal bipotentiality in adults of certain
gonochorist teleost species upon exposure to exogenous

chemicals, especially aromatase inhibitors (AI) (Table 1).
In breeding female medaka, O. latipes, exposure to AI
affected oocyte development (Sun et al., 2007). Exposed
fish had small oocytes that lacked dense-staining mater-
ial compared to the control which had oocytes at various
stages of maturation. There was, however, no intersex or
sex reversal effect. However, in breeding female Nile til-
apia, O. niloticus (5 months old), and O. latipes (1 year
old), gonadal transdifferentiation was induced through
17β-estradiol depletion by AI (Paul-Prasanth et al.,
2013). Genetic female O. niloticus feed diet mixed with
AI developed male sexual behavior, and 50% of AI-
treated group revealed complete and functional sex
reversal, with progenies upon insemination of eggs from
normal females. In O. latipes, 20% of AI-treated (water-
borne) genetic female fish had complete and functional
sex reversal. They were also demonstrated to be
fertilization-competent with eggs from normal females.
Further, marked development of secondary sexual char-
acter was obvious, revealed by the degeneration of

Table 1 Recent findings on gonadal sex reversal in adult gonochorist teleost

Fish Age Treatment Treatment duration
(days)

Observation (% complete
and functional sex reversal)

References

Oreochromis niloticus (XY) 30 dph* 17β-Estradiol (E2) 60 8.3 Shi et al. (2017)

Trilostane (TR) 0.0

Metopirone (MN) 0.0

Glycyrrhetinic acid (GA) 0.0

TR + E2 88.3

MN + E2 60.0

GA + E2 46.7

60 dph TR + E2 3.3

E2 0.0

MN + E2 0.0

GA + E2 (150 μg/g
diet)

0.0

Astatotilapia burtoni
(female)

Sexually
mature

Fadrozole (200 μg/g
diet)

168 0.0 Göppert et al. (2016)

Oreochromis niloticus (XX) 15 dph Fadrozole (200 μg/g
diet)

15 100 Sun et al. (2014)

30 dph 30 0.0

60 dph 30/60 0.0

90 dph 30/60/90 0.0

Oryzias latipes (female) 5 months Exemestane (100 μg/L) ~ 60 20 Paul-Prasanth et al.
(2013)

Oreochromis niloticus (XX) 1 year Fadrozole (200 μg/g
diet)

~ 180 50

Danio rerio (female) Sexually
mature

Fadrozole (0.2 mg/g
diet)

~ 150 † Takatsu et al.(2013)

Oryzias latipes (female) Breeding Letrozole (625 μg/L) 21 0.0 Sun et al. (2007)

*Days post-hatching
†Though ovaries were observed to have completely retracted and testicular tissue developed (n = 9), it was however not clear the number tested for
fertilization competence
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urogenital papillae and development of male-specific
anal papillae in O. latipes.
In adult female zebrafish, D. rerio, 100% (n = 9) ovar-

ian transdifferentiation was also observed upon AI treat-
ment (Takatsu et al., 2013). All AI-treated fish first
developed testis-like tissue, containing cyst filled with
spermatozoa-like cells following ovary retraction. The
sperm, however, was not fertilization-competent until 2
months after treatment was discontinued. Further, there
was no observable effect on sexual behavior and second-
ary sex characters. Contrary to the findings of Paul-
Prasanth et al. (2013) in breeding female O. niloticus,
Sun et al. (2014) observed in AI-treated female O. niloti-
cus (15 to 90 dph) a varying degree of treatment-
induced effects on the gonads. In this study, which has
been described as complete and functional sex reversal
(Baroiller & D’Cotta, 2016; Shi et al., 2017), only 15 dph
fish had complete and functional sex reversal, while
others (30, 60, and 90 dph) were either unaffected
(purely ovarian tissues) or had ovotestes even with 90
days treatment (90 dph). Further, it is worth noting that
the complete and functional sex reversal reported (15
dph) was observed before the first morphological sign of
ovarian histogenesis (20 dph) in this species (Kobayashi
et al., 2008).
Interestingly, in the East African cichlid, Astatotilapia

burtoni, AI-treated sexually mature females had no sex re-
versal of any sort (complete or partial) as morphological
and histological examination revealed only oocytes and not
testicular tissues in the gonads of all AI-treated fish ana-
lyzed (Göppert et al., 2016). There was also no significant
difference in serum 17β-estradiol (E2) level and transcripts
of ovary-specific genes in the AI-treated and control
groups. However, AI-treated females had male-specific col-
oration, and treatment-impacted head and fin (dorsal and
anal) morphology. Furthermore, in adult male (XY) O. nilo-
ticus, Shi et al. (2017) inactivated 3β-hydroxysteroid de-
hydrogenase (3β-HSD), aldosterone synthase (cyp11b2),
and 11β-hydroxysteroid dehydrogenase (11β-HSD) which
are required for androgen biosynthesis, and administered
17β-estradiol (E2). They observed that treatment with 17β-
estradiol (E2), trilosane (TR) (3β-HSD inhibitor), metopir-
one (MN) (cyp11b2 inhibitor), and glycyrrhetinic acid (GA)
(11β-HSD inhibitor) applied alone or in combination with
E2 from 30 dph resulted only in 8.3% gonadal sex reversal
with E2 and 0.0% sex reversal with the steroidogenic
enzyme inhibitors. Additionally, with simultaneous applica-
tion of the enzyme inhibitors and E2, there was 88.3% (TR
+ E2), 60.0% (MN + E2), and 46.7% (GA + E2) gonadal sex
reversal. Expectedly, when treatment (E2 + enzymes inhibi-
tors) was applied from 60 dph, only TR + E2 resulted in
3.3% gonadal sex reversal while others (MN + E2 and TR +
E2) were not affected, clearly indicative of effects of ter-
minal differentiation with time.

Notably, there is an obvious, perhaps species-specific,
variation in the effects of chemical treatments on go-
nadal sex in adult gonochorist teleost. The test chemi-
cals, fadrozole, letrozole, and exemestane, act by
inhibiting the enzyme, aromatase, that is responsible for
the biosynthesis of estrogen, which is key to ovarian de-
velopment (Guiguen et al., 2010; Kobayashi &
Nagahama, 2009), and has also been thought to oversee
the maintenance of sexual phenotype in adult female fish
(Dranow et al., 2013b; Rodriguez-Mari et al., 2010). Exe-
mestane is a type I AI, while fadrozole and letrozole are
type II AI. Type I AI are steroidal and inhibit aromatase
by irreversibly binding the substrate-binding site of the
enzyme, while type II AI are non-steroidal and bind re-
versibly to the enzyme (Leonard et al., 2014; López et al.,
2014; Sun et al., 2007). It is important to point out that
while fadrozole resulted in 50% gonadal sex reversal in
adult female O. niloticus (as the highest overall), it had
no gonadal sex reversal effects, but only morphological
and behavioral effects in adult female A. burtoni. This
further suggests that estrogen may not be required to
prevent the transdifferentiation of ovary to testis in
adults of this species in which estrogen has been re-
ported to be highly expressed in both ovary and testis
(Böhne et al., 2013). Thus, generalizing the possibility of
gonadal sex reversal in adult gonochorist teleost by
chemical treatments from studies comprising only Belo-
niformes, Perciformes, and Cypriniformes orders of tele-
osts is far from certain in gonochorist teleost, which is a
highly reproductively heterogeneous group (Avise and
Mank, 2009).

Conclusion
Overall, these data clearly suggest that the molecular
mechanism responsible for the maintenance of gonadal
sex may not be conserved in adult gonochorist teleost.
This, of course, is not without some environmental im-
plications. For instance, inhibitors of key steroidogenic
enzymes, including aromatase, have wide industrial and
pharmaceutical applications and are increasingly becom-
ing a class of emerging environmental contaminants of
serious concern. With the burgeoning number of an-
thropogenic chemicals that are ubiquitously detected in
the environment, and their implication in endocrine-
related adverse reproductive and developmental effects
on wildlife, especially on fishes, population-level effect
assessment, for pertinent integrative management ap-
proach, is increasingly becoming the focus. Conse-
quently, different population-level effect models are
being developed since response metrics from laboratory
exposure are difficult to apply directly to wild popula-
tions. However, for sex reversal in fish, population-level
effect models require clear cut delineation of the time of
occurrence of environmental sex reversal, and this is
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currently based on the understanding that environmen-
tal sex reversal is only possible during development,
within the labile period, and not in adult fish. Therefore,
it has now become necessary to urgently understand in
wild gonochorist teleost fish populations exposed to
endocrine disruptive chemicals (EDCs) whether environ-
mental or gonadal sex reversal (and not intersex) is only
limited to juvenile stage or is possible throughout life
even after sexual maturity. Thus, the generalization of
the possibility of gonadal sex reversal in adult gonochor-
ist teleost with chemical treatment requires further stud-
ies with different gonochorist teleost species for
clarification.
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