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ARTICLE INFO ABSTRACT

Fish sex could be reversed at the undifferentiated stage of gonad by administration of exogenous estrogen (E2) or
blockade of endogenous estrogen synthesis with aromatase inhibitors, which is designated as primary sex re-
versal (PSR). Recent studies have well demonstrated that gonochoristic fish maintain their sexual plasticity after
sex determination/differentiation. The differentiated ovary could be transdifferentiated into functional testis,
and vice versa, the differentiated testis could be transdifferentiated into ovary. By analyzing these two secondary
sex reversal (SSR) models, it was found that induction of male-to-female sex reversal initiates from dorsal (near
the blood vessel) to the ventral, while induction of female-to-male sex reversal initiates from the ventral to
dorsal. Down regulation of endogenous estrogen is the prerequisite for the ovarian transdifferentiation.
However, exogenous estrogen alone is not sufficient for inducing differentiated testis to ovary. Administration of
E2 and simultaneous blockage of androgen synthesis could induce testicular transdifferentiation. Therefore,
endogenous estrogen is critical for the ovarian differentiation/maintenance and androgen is critical for testicular
maintenance. Recently, genetic studies with genome editing technologies also showed that disruption of
Cypl9ala induced testicular development, indicating that cypl9ala is the key gene essential for estrogen
synthesis and ovary differentiation/maintenance. Knockout of male pathway genes or overexpression of female
pathway genes could up-regulate cypI9ala expression and increase estrogen level so as to promote ovary.
Conversely, knockout of female pathway genes or overexpression of male pathway genes could down-regulate
cypl9ala expression and decrease estrogen level so as to promote testis (transgenic or knockout sex reversal,
TSR). Epigenetic regulation of cypI9ala play a critical role in natural sex reversal (NSR), but its relation with
PSR, SSR and TSR needs further detailed investigations. In all, these studies further highlighted the important
roles of endogenous estrogens in fish sex differentiation/maintenance.
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1. Introduction P450 aromatase, which was mainly encoded by cypl9ala/b in fish

(Simpson et al., 1994; Zhang et al., 2014). In teleosts, aromatase and

Sex is a common phenomenon in the animal kingdom. Sexual di-
morphism in growth rate and body size is popular in fish species (Mei
and Gui, 2015). Fish sex determination and differentiation is an at-
tractive issue because sex control has great commercial interest in
aquaculture (Devlin and Nagahama, 2002). Fish sex is determined ei-
ther by genetic factors or environmental factors, or a combination of
both. Environmental factors, especially sex steroid hormones, could
even override the genetic factors and determine gonad fate (environ-
mental dependent sex determination, ESD) (Nagahama, 2002). Estro-
gens are produced by the conversion of androgens through cytochrome

endogenous estrogens are specifically expressed and synthesized in the
female gonads during the critical period of molecular sex differentiation
and act as natural inducer of ovarian differentiation (Nagahama, 2000;
Tao et al., 2013). Previous studies in several fish species demonstrated
that female-to-male sex reversal is associated with a decrease in es-
trogen levels, while male-to-female sex reversal is associated with an
increase in estrogen levels (Guiguen et al. 1993, 1999; Chang et al.,
1994, Piferrer et al., 1994; Piferrer, 2001; Tsai et al., 2011; Murata
et al.,, 2014). Therefore, estrogens are essential factors for inducing
ovarian development in fish. The roles of estrogens in fish gonadal sex

Abbreviations: ESD, environmental dependent sex determination; NSR, natural sex reversal; Al, aromatase inhibitor; MT, 17a-methyltestosterone; PSR, primary sex
reversal; SSR, secondary sex reversal; TR, trilostane; MN, metopirone; GA, glycyrrhetinic acid; ZFNs, zinc-finger nucleases; TALENS, transcription activator-like
effector nucleases; CRISPR/Cas9, clustered, regularly interspaced, short palindromic repeats/CRISPR-associated systems; ENU, N-ethyl-N-nitrosourea; E2, estradiol-
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differentiation were well reviewed and summarized previously
(Guiguen et al., 2010). It was concluded that Cypl9ala is not only
important for ovarian, but also for testicular differentiation in both
gonochoristic and hermaphrodite fish species. This review summarizes
new data on the studies of estrogens in fish sex differentiation and
sexual plasticity from transcriptome, epigenetics, chemical treatment,
and especially gene knockout analyses. We concluded that endogenous
estrogens are important for fish ovarian differentiation and main-
tenance.

2. Estrogen is a key factor involved in fish sex differentiation and
maintenance

2.1. Natural sex reversal (NSR)

Natural sex reversal (NSR) occurs in more than 300 species (her-
maphrodites, either protandrous or protogynous). Hermaphroditic fish
have a plastic sex and exhibited natural sex reversal during their life
spans. Although the underlying mechanisms for this sex reversal remain
unclear, the majority of studies have focused on the roles of estrogens
during this process (Chang et al., 1995; Wu et al., 2008, 2016; Zhang
et al., 2013; Murata et al., 2014; Li and Wang, 2017). In protandrous
fish, previous studies have shown that increase of endogenous estrogen
level was associated with male-to-female sex reversal, such as Asian
seabass (Lates calcarifer) and black porgy (Acanthopagrus schlegeli)
(Guiguen et al. 1993; Chang et al., 1994). For example, the black porgy
are functional males for the first two years of life but begin to sexually
change to females during the third year (Chang and Yueh, 1990).
During NSR, cypl9ala expression was found to be significantly up-
regulated in interstitial cells of the testicular tissues. Blockage of ar-
omatase activity by its inhibitor Fadrozole (AI) is able to disrupt NSR
(Wu et al., 2008). In black porgy younger than 2 years old, exogenous
estradiol-17f (E2) can induce ovarian development with only primary
oocytes. The induced ovary can be maintained during the period of E2
treatment. However, the induced ovary will developed into complete
testis spontaneously after E2 treatment was terminated (Fig. 1A). Al-
though the gonads developed as ovary, gene expression analyses
showed that cypl9ala was not up-regulated to the corresponding level
as that in the wild type ovary (Wu et al., 2016), suggesting endogenous
estrogen was not synthesized to maintain ovary. This indicates that the
endogenous estrogens were essential for ovarian maintenance.

In protogynous fish, E2 level was found to be decreased during fe-
male-to-male natural sex change in several fish species, such as grouper
(Epinephelus akaara) and ricefield eel (Monopterus albus) (Huang et al.,
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2009; Zhang et al., 2007). Exogenous 17a-methyltestosterone (MT) or
Al could induce testicular development in two grouper species, malabar
grouper (Epinephelus malabaricus) and orange-spotted grouper (Epine-
phelus coioides), which first developed as females and then some of the
grouper could be sex reversed to males (Bhandari et al., 2004, 2006; Wu
et al.,, 2015; Wang et al., 2018). The induced testes were maintained
during continuous MT or Al treatment (Tsai et al., 2011; Murata et al.,
2014). However, the male sex will reverse to female after MT or Al
treatment was withdrawn. Gene expression analysis showed that no
apparent differences were observed in the expression patterns of ster-
oidogenic enzymes between the MT-induced mature testes and the
control immature ovaries. In addition, the level of serum E2 level in MT
or Al-treated fish was the same as those in control female fish (Murata
etal., 2014; Wu et al., 2015), indicating that endogenous estrogen level
was not down-regulated in grouper although female-to-male sex change
occurs. Therefore, once the exogenous MT treatment was terminated,
the sex of protogynous fish will reverse back to females. However, a
recent study on the orange-spotted grouper showed that the MT in-
duced male sex can be maintained after MT feeding withdrawal if the
gonads contain only male germ cells (Wang et al., 2017). It was found
that MT feeding induced sex reversal can be divided into early and late
phases. In the early phase with both male and female germ cells, the
gonads will reverse back to the ovaries after MT feeding withdrawal. In
the late phase with only male germ cells, the induced testes could be
maintained even though MT-feeding is withdrawn (Fig. 1B). cyp19ala
mRNA was markedly increased after MT withdrawal in both phases.
However, E2 levels were increased in the early but not in the late phase,
which explained why early MT-induced male fate could be further re-
versed back to ovary. Based on these results, it can be concluded that
endogenous estrogen should be induced to maintain ovarian phenotype
and conversely it should be repressed to maintain testicular phenotype
in protogynous fish.

In recent years, epigenetic modification has been found to con-
tribute to the regulation of cyp19ala expression during NSR. In black
porgy, male-to-female sex change occurs followed by decrease of
cypl9ala promoter methylation level. However, cypl9ala promoter
was also hyper-methylated in the exogenous E2 induced ovary, which
might explain why Cypl9ala and endogenous estrogen level was not
up-regulated. Further investigation revealed that the methylation of the
cypl9ala promoter was significantly decreased in the ovary tissue after
the testis was removed from the digonic gonad and the fish changed sex
from male-to-female (Wu et al., 2016; Wu and Chang, 2017), suggesting
some factors originated from testis could influence the level of
cypl9ala promoter methylation. In ricefield eel, cypI9ala promoter

Fig. 1. Exogenous steroid hormone induced sex re-
versal in hermaphroditic fish. (A) In protandrous
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male and female germ cells. Endogenous estrogen
level was not down-regulated in grouper although
female-to-male sex change occurs. However, MT
induced male sex can be maintained after MT
feeding withdrawal if the gonads contain only male
germ cells.
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was hypermethylated in the ovotestis and testis compared with that in
the ovary. DNA methylation level of cyp19ala promoter in the gonads
was increased during sex change from female to male. Importantly, the
DNA methylation inhibitor treatment could reverse the natural female
to male sex change (Zhang et al., 2013). These results suggested that
epigenetic control of cypI19ala gene expression play an important role
in the natural sex change in teleost. Epigenetic regulation was also
proposed to be involved in ESD species in response to environmental
influences, leading to the gonad fate change (Manolakou et al. 2006).
Exposure to high temperature, the methylation level of cyp19ala pro-
moter was significantly increased during the early development stage
leading to suppressed cypI9ala expression and male development in
European sea bass (Dicentrarchus labrax) (Navarro-Martin et al., 2009;
Navarro-Martin et al., 2011). High temperature treatment resulted in
up-methylation of cypl9ala promoter and led to testicular development
in ZW half-smooth tongue sole (Cynoglossus semilaevis) (Shao et al.,
2014). These data indicated that the level of endogenous estrogen is
tightly controlled by epigenetic modification of cypI9ala promoter and
is important for NSR.

2.2. Primary sex reversal (PSR)

Most teleosts are gonochorists, which develop either as males or
females, and do not change sex throughout their life spans. Treatment
with steroid hormones prior to sexual differentiation has been shown to
induce ovary or testis development according to the type of steroids
administered, which is designated as artificial primary sex reversal
(PSR). Among various hormones, E2 and Al are commonly used in-
ducers for PSR. Administration of exogenous E2 can reverse genetic
males to phenotypic females in teleosts if the treatment is applied be-
fore or during the narrow window of sex differentiation (Piferrer et al.,
1994; Guiguen et al., 1999; Piferrer, 2001; Afonso et al., 2001; Kwon
etal., 2001; Vizziano et al., 2008). In contrast, administration of genetic
females with AI that block estrogen synthesis can induce phenotypic
males when applied during the critical period of sex differentiation in a
number of fish species (Kitano et al., 1999; McAllister and Kime, 2003;
Fenske and Segner, 2004; Uchida et al., 2004; Komatsu et al., 2006;
Iwamatsu et al., 2006). Our recent study showed that simultaneous
treatment of XX and XY tilapia (Oreochromis niloticus) with both an-
drogen (MT) and E2 before sexual differentiation resulted in develop-
ment of all females, supporting the conclusion that estrogen could
maintain the female phenotype of XX fish and feminize XY fish even in
the presence of androgen, while androgen cannot induce sex reversal of
XX fish in the presence of estrogen (Chen et al., 2016) (Fig. 2A). These
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Fig. 2. Effects of administration of both estrogen and androgen on fish gonadal
differentiation. (A) In gonochoristic tilapia, treatment of XX tilapia with 17a-
methyltestosterone MT induced testicular development and treatment of XY
tilapia with estradiol-173(E2) induced ovarian development before gonad dif-
ferentiation. Simultaneous treatment of XX and XY fish with both MT and E2
before sexual differentiation resulted in all females. (B) In hermaphroditic or-
ange-spotted grouper, treatment with aromatase inhibitor (AI) or MT induced
testicular development. In contrast to tilapia, treatment of grouper with both
MT and E2 masculinize the gonads.
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results further highlight the importance of estrogens in sex differ-
entiation. It is worth mentioning that, in contrast to our results, recent
study in protogynous orange-spotted grouper showed exogenous an-
drogen can masculinize the gonads even in the presence of an equal
amount of estrogen (Huang et al., 2018) (Fig. 2B). It is interesting to
investigate whether the gonads will develop as ovary with both es-
trogen and androgen administration in protandrous fish.

Different from sex reversal induced by exogenous hormone in her-
maphrodite fish, the reversed sex could be maintained in gonochorists
even though the exogenous E2 or Al treatment was terminated. Detailed
analysis revealed that exogenous estrogen or Al treatment resulted in
significant up or down regulation of steroidogenic enzymes, especially
the Cypl9ala, for endogenous estrogen synthesis in PSR (Chen et al.,
2016). The up and down regulation of endogenous estrogen level
contribute to PSR and maintain the sex finally.

2.3. Secondary sex reversal (SSR)

Although sex reversal could be induced by sex hormone, most ver-
tebrates were believed to have lost sexual plasticity after the terminal
differentiation of their gonads and remain the same sex throughout
their life spans. Once the fish grows beyond the stage, artificial in-
ducement of sex reversal is difficult or even impossible. Therefore,
gonochoristic fish was thought to be completely lose their sexual
plasticity after terminal differentiation of the gonad into either ovary or
testis. Three recent reports demonstrate that complete sex reversal,
designated as artificially induced secondary sex reversal (SSR), could be
induced by down-regulation of endogenous estrogens with long-term Al
treatment in adult females of tilapia, zebrafish (Danio rerio) and medaka
(Oryzias latipes) (Paul-Prasanth et al., 2013; Takatsu et al., 2013; Sun
et al., 2014). The sex-reversed male fish showed normal secondary
sexual characteristics and produced fertile sperm after termination of Al
administration. These results suggested that gonochoristic female fish
still maintain their sexual plasticity until adulthood. Constant en-
dogenous estrogen production is needed for ovarian phenotype main-
tenance during all life span. However, the threshold of estrogen level
for maintaining ovarian phenotype is still unknown.

Induction of sex reversal of male fish has been restricted to the sex
undifferentiated period. We found that exogenous E2 alone treatment
could not induce male-to-female SSR in one-month-old tilapia.
Transcriptome analysis revealed that steroidogenic enzymes, especially
Cypl1b2 encoding the key enzyme for androgen synthesis, were ex-
pressed in the one-month-old testis, but not in the undifferentiated XY
gonads (Tao et al., 2013). Inhibition of androgen synthesis by trilostane
(TR), metopirone (MN) and glycyrrhetinic acid (GA) (inhibitor of 3f3-
HSD, Cypl1b2 and 11B-HSD, respectively) alone also resulted in no
secondary sex reversal. However, blockage of androgen synthesis and
simultaneous administration of E2 can induce the differentiated testis to
transdifferentiate into ovary (Shi et al., 2017). This result demonstrated
that androgen plays a critical role in testis maintenance. E2 alone is not
sufficient for inducing testicular transdifferentiation. To date, this male-
to-female sex reversal can only be achieved in one-month-old tilapia.
Why induction of differentiated testis to ovary in gonochoristic fish is so
difficult compared with females? The relevance of sex reversal with 11-
KT concentration, which is increasing during testis development, needs
to be further investigated.

2.4. Transgenic (knockout) sex reversal (TSR)

Although estrogens have been generally considered to play a critical
role in ovarian differentiation in non-mammalian vertebrates, our
knowledge about their functions was obtained mainly from exogenous
hormone or chemical administration. There is a lack of genetic data on
the importance of estrogen in fish. This is partly due to the lack of
powerful genetic approaches for functional studies in fish. Now, this
situation is changed with the recent development of engineered
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Fig. 3. Cyp19ala is essential for fish ovary differentiation and maintenance. Knockout of cypl19ala resulted in female to male sex reversal in fish. This sex reversal
can be successfully rescued to restore ovary by exogenous estradiol-17f (E2) treatment. However, the ovary of rescued cyp19ala mutants will reverse back to testis
after withdrawal of E2 because no endogenous E2 can be synthesized to maintain ovary phenotype. dah, days after hatching. PGC, primordial germ cell. BV, blood
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Fig. 4. Endogenous estrogens are important for fish sex differentiation. In ti-
lapia, the male pathway genes could repress cyp19ala expression and decrease
estrogen level so as to promote testis formation. In contrast, the female pathway
genes up-regulate cypl9ala expression and increase estrogen level so as to
promote ovary formation. Estrogens regulate downstream genes by binding to
ERB1/ERPB2. The mechanisms (target and signal pathway) for estrogens action
to ovary differentiation/maintenance will be an interesting issue to be ad-
dressed in the future.

nucleases, including zinc-finger nucleases (ZFNs), transcription acti-
vator-like effector nucleases (TALENSs) and clustered, regularly inter-
spaced, short palindromic repeats/CRISPR-associated systems
(CRISPR/Cas9), which have been used to develop genome editing
models precisely in a wide variety of organisms including fishes (Li
et al., 2013, 2014; Li and Wang, 2017). Because of the teleost-specific
whole genome duplication event, two types of cyp19al genes encoding
aromatase, which were termed cyp19ala and cyp19alb, were isolated
and characterized in a large number of fish species. Al treatment might
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inhibit the activity of both types of aromatase. It was therefore an open
question whether one or both of these enzymes played a role in female
sexual differentiation. The expression of cyp19ala/Cypl9ala is mainly
restricted to the ovary, and cyp19alb is most highly expressed in the
brain. Although all the information accumulated points to the im-
portance of Cypl9ala in fish ovarian differentiation, no direct genetic
evidences were provided to support this conclusion.

Until recently, cypI19ala and cyp19alb were successfully mutated by
TALEN and CRISPR/Cas9 in zebrafish (Dranow et al., 2016; Lau et al.,
2016; Yin et al., 2017) and tilapia (Li et al., 2013; Zhang et al., 2017).
cypl9ala mutant was also generated in medaka by N-ethyl-N-ni-
trosourea (ENU) method (Nakamoto et al., 2018). No sex reversal was
observed in zebrafish, medaka and tilapia cyp19alb mutants (Dranow
et al., 2016; Lau et al., 2016; our unpublished data). In contrast, in XX
tilapia, knockout of cypI9ala resulted in female-to-male sex reversal (Li
etal., 2013; Zhang et al., 2017). In zebrafish, three groups reported that
knockout of cyp19ala or both cyp19ala and cyp19alb also resulted in
all male populations (Dranow et al., 2016; Lau et al., 2016; Yin et al.,
2017). The inconsistency is whether the gonad first experienced an
ovarian-like stage or not in the mutants. In XX medaka, gonads first
differentiated into normal ovaries containing many ovarian follicles
that failed to accumulate yolk. Subsequently, ovarian tissues underwent
extensive degeneration, followed by the appearance of testicular tissues
after mutation of cypI19ala (Nakamoto et al., 2018). In addition, the
gonad phenotype of cyp19ala mutant was successfully rescued to form
ovary by continuous exogenous E2 treatment (Lau et al., 2016; Zhang
et al., 2017; Yin et al., 2017). The ovary of rescued cypl9ala mutants
will restore testis after withdrawal of E2 treatment because no en-
dogenous estrogen can be synthesized (Our unpublished data) (Fig. 3).

The majority of estrogenic activities are mediated via nuclear es-
trogen receptors (ER) (Klinge, 2000; Hewitt and Korach, 2002). Sur-
prisingly, in zebrafish, knockout of single ER (esr1, esr2a, esr2b) dis-
plays no sex reversal. Double mutation of esr2a/b simultaneously led to
an arrest of folliculogenesis at previtellogenic (PV, stage II) stage
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hermaphroditic fish. Endogenous estrogens play a critical role in fish sexual
plasticity. Sex control in aquaculture can be achieved by modulating estrogens
level through artificial primary sex reversal (PSR), secondary sex reversal (SSR),
transgenic or knockout sex reversal (TSR).

followed by sex reversal from female to male (Lu et al., 2017). The
authors pointed that despite all-male phenotype obtained in both esr2a/
b and cypl9ala mutants, the underlying mechanisms were obviously
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different. Loss of aromatase blocked ovarian differentiation whereas the
lack of nERs failed to maintain female status leading to sex reversal
from females to males. These genetic evidences strongly support the
conclusion that Cypl9ala is indispensable for female sex differentia-
tion/maintenance and is a reliable early marker of ovarian differ-
entiation in fishes.

Previous studies showed that Dmrtl directly repressed cypl9ala
transcription in tilapia. Transgenic overexpression of Dmrtl in XX ti-
lapia resulted in decreased aromatase gene expression and reduced
serum E2 level leading to sex reversal (Wang et al., 2010). In medaka,
Dmy also suppresses Ad4BP/SF-1 activated cypl19ala gene transcription
(Wang et al., 2010). Importantly, knockdown of dmy resulted in sex
reversal and increase of cyp19ala expression (Chakraborty et al., 2016).
Transforming growth factor-B(TGF-f3) signal pathway is also involved
in regulating aromatase/cypl9ala expression. Knockdown of amhy in
XY Patagonian pejerrey (Odontesthes hatcheri) resulted in up-regulation
of cypl9ala mRNA and the development of ovaries (Hattori et al.,
2012). Knockout of amhy or amhrll, or gsdf in XY tilapia resulted in
increased aromatase gene expression and serum E2 level, leading to sex
reversal (Li et al., 2015; Jiang et al., 2016). Dysfunctional Amh sig-
naling is responsible for up-regulation of cypI9ala expression in the
medaka hotei mutants (Nakamura et al., 2012).

FoxI2 is a member of the Forkhead Box (Fox) domain transcription
factor. In tilapia, our studies demonstrated an important role of FoxI2 in
the transcriptional regulation of cypI9ala. Foxl2 up-regulates
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aromatase expression in vivo. Mutation of foxl2 in XX fish by TALEN
resulted in sex reversal and decreased aromatase gene expression and
serum E2 level (Wang et al., 2007; Li et al., 2013; Zhang et al., 2017).
Heterozygous mutation of Sf-1 decreased cypl9ala, foxl2 expression
and serum E2 leading to female to male sex reversal in XX tilapia (Xie
et al., 2016). In medaka, transgenic overexpression of rspol up-regulate
cypl9ala expression and serum E2 level (Zhou et al., 2016). In clawed
frog (Xenopus laevis), overexpression of sex determining gene DM-W in
ZZ gonads up-regulates Cypl9a expression (Yoshimoto et al., 2008;
Okada et al., 2009). In zebrafish, disruption of bmp15 signaling fail to
express cypl9ala and thus resulted in female to male sex reversal
(Dranow et al., 2016). Taken together, the male pathway genes could
repress cypl9ala expression and decrease estrogen level so as to pro-
mote testis formation. Conversely, the female pathway genes up-reg-
ulate cyp19ala expression and increase estrogen level so as to promote
ovary formation (Fig. 4).

2.5. Orientation of sex reversal

In XX tilapia, the steroidogenic (aromatase positive) cells are firstly
observed in the restricted area (stromal cell) near the blood vessel
(dorsal) at 5 days after hatching (dah), and the ovarian cavity is formed
in ventral area, opposite to the blood vessel (dorsal) at around
35-50 dah. Oogenesis proceeds as cluster of oocytes from area adjacent
to blood vessel to the ventral in ovary (Chen et al., 2016; Nakamura
et al., 1989, 1998; Ruksana et al., 2011; Striissmann and Nakamura,
2002). The differentiation of the bipotential gonad is from the dorsal
side to the ventral side in XX fish.

It was found that female-to-male SSR in XX tilapia occurs from the
ventral side to the dorsal side (Fig. 5A). At the early stage of female-to-
male SSR, sex reversal was initiated from the germinal epithelium in the
ventral side as demonstrated by the first appearance of male specific
Dmrtl-positive cells (Sun et al., 2014). At the later stage, a few oocytes
remained in the area near the blood vessel (dorsal area). Cypl9ala
expression was also detected in some somatic cells surrounding the
remaining oocytes. Consistently, in XX cypI19ala mutant medaka,
ovarian tissues underwent extensive degeneration, followed by the
appearance of testicular tissues on the ventral of ovaries (Nakamoto
et al., 2018).

During male-to-female SSR in XY fish, the first appearance of
Cypl9ala positive cells and oocytes were observed in the area adjacent
to the blood vessel (dorsal) (Fig. 5B). The oocytes were gradually in-
creased in numbers occupying the central area with Cyp19ala positive
cells scattered as clusters of interstitial cells, and finally the oocytes
appeared in the ventral area and occupied the SSR gonad. These results
indicated that trans-differentiation of the differentiated testis proceeds
in the same direction like ovarian differentiation, initiated from the
dorsal to ventral in the XY gonad. Based on these results, we concluded
that male-to-female sex reversal initiates from dorsal side (near the
blood vessel) and ends at the ventral side, while female-to-male sex
reversal occurs from the ventral side to dorsal side.

3. Conclusions

Fish sex exhibits striking plasticity. Down regulation of endogenous
estrogen is essential for the ovarian transdifferentiation. Blockage of
androgen synthesis is a critical step for induction of testicular trans-
differentiation by exogenous E2, indicating that endogenous estrogen is
critical for the ovarian differentiation/maintenance and androgen is
critical for testicular maintenance. The male pathway genes determine
testicular development by repressing cypI9ala expression. Conversely,
the female pathway genes determine ovarian development by up-reg-
ulating cypl9ala expression. The mechanisms (target and signal
pathway) for estrogens action to ovary differentiation/maintenance
will be an interesting issue to be addressed in the future. Estrogen
synthesis is tightly correlated with epigenetic modification of cyp19ala
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promoter in NSR. Further studies need to investigate the relationship
between epigenetic modification and PSR, SSR and TSR. Taken to-
gether, estrogens play a central role in natural sex reversal, artificially
induced primary and secondary sex reversal and transgenic (knockout)
sex reversal in fish. It could be widely used for sex control in aqua-
culture (Fig. 6).
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