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Of the techniques available to mass-produce a sterile or monosex population, the hormonal induction of
sex reversal is the most widely practiced. This paper presents the synthesis of works done on sex reversal
using 17a methyltestosterone (17aMT), 17b estradiol, non-steroidal aromatase inhibitors (AIs) and oest-
rogen receptor agonist, tamoxifen in commercially important aquaculture species mossambique tilapia
Oreochromis mossambicus, Nile tilapia Oreochromis niloticus, common carp Cyprinus carpio, mahseer Tor
putitora and African catfish Clarias gariepinus. Results on sex reversal for producing female T. putitora
delineated that treatment to fry of T. putitora 60 days post fertilization (60 dpf) with 17b estradiol
(150 mg/kg feed) fetched 69.5% female population. Further, raised temperature (23 ± 1 �C) five degrees
above ambient temperature brought about 37.5% female populations which was above the control
(24.4% females). Feeding tilapia O. mossambicus fry after yolk sac absorption stage (8 dpf) with 17aMT
incorporated diet (35 mg/kg feed) under long photoperiod (16L:8D) for 60 days obtained 100% sex
reversed males with excellent growth. Treatment with tamoxifen and letrozole (200 mg/kg feed) to fin-
gerlings of C. carpio and O. niloticus for 60 days brought about 82.5% and 98.5% masculinization with
increased level of testosterone (T). Letrozole treatments to C. gariepinus significantly (p < 0.001) increased
T level to 1197.76 ± 18.79 pg/ml when treatment was given through feed for 60 days and
1470.5 ± 20.76 pg/ml via intraperitoneal injection. There was significant deviation in sex ratio leading
to high level of masculinization in different aquaculture species with treatments of hormones and AIs.

� 2012 Elsevier Inc. All rights reserved.
1. Introduction

Sex control is desirable for aquaculture development as some
fishes have superior sex specific growth rate where one sex of fish
grows faster than the other. The important example is tilapia
where males grow faster than the females [12]. Similarly in Hima-
layan golden mahseer, we have observed that the females grow
faster than males [45,50]. Sex control is also important for popula-
tion control particularly in those fish species, which are prolific
breeders and adversely affect the productions as overcrowding
causes stunting. Further, sex specific attractive colouration and
body forms may also attract aquaculturists for utilizing the sex
manipulation technologies in aquarium trade. In addition, many
exotic fish species are potential candidate species of aquaculture
but are associated with some adverse ecological impacts i.e., inva-
siveness [46]. Therefore, application of monosex/sterile fish pro-
duction technique will provide ecological safety also i.e., it will
prevent the introduced fish species from breeding in wild even if
it escapes from the farm facilities.
ll rights reserved.
Although fish exhibit a large variety of mechanisms of sex
determination, fundamentally there are two types of sex determi-
nation in fishes. The former being the genetic sex determination
(GSD), and the latter is environmental sex determination (ESD).
In genetic sex determination, the chromosome set systems (XY,
ZW) decide that the fish will become male or female [12,36].
Although some species show morphologically well differentiated
sex chromosomes, cytogenetic examinations are rarely helpful in
identifying sex chromosomes in fish due to the low occurrence of
heteromorphy [12]. Even if some species show morphologically
well differentiated sex chromosomes, molecular studies focusing
on genes involved in fish GSD have been recently developed [36].
SRY-type Sox-genes have been identified in some fish species
[3,2,33,36]. However, like other lower vertebrates, no functional
sex-determining gene equivalent to SRY has also been demon-
strated in fishes [36,17]. Comparable to SRY, DMY has been identi-
fied as sex determining genes in medaka. [3,35,29,31,11]. The
putative function of DMY in suppression of PGC proliferation dur-
ing early development of XY gonads and the development of Sertoli
cells [30] has been confirmed [21].

GSD involves a series of complex biochemical interactions
that lead to general sexual determination and differentiation
[17]. The hormonal treatment or exploiting endocrine technique
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in phenotypic sex control also works even though the fish is other-
wise in genotype [2,12,15]. Sex control can be achieved through
the use of hormones during early development particularly the la-
bile period [39,37,34,47,2]. Sex manipulation by hormone treat-
ment has been studied extensively in last three decades
[34,47,2,12]. It was demonstrated in a variety of fish species that
phenotypic sex differentiation could be influenced by the adminis-
tration of exogenous oestrogen or androgens during sex differenti-
ation, transforming genetically male or female individuals into the
opposite gender [34,12]. It is now recognized as a useful tool in
reproductive management of fishes [2,12]. The process of sex dif-
ferentiation in teleosts is diverse and labile [34,2,12] rendering
hormonal induced sex reversal possible. Of the techniques avail-
able to mass-produce a sterile or monosex population, the hor-
monal induction of sex reversal is the most widely practiced
[34,2,12]. A series of publications also documented thermal lability
of sex determination in a number of teleosts; for instance fish ex-
posed to colder or warmer temperature from hatchling to juvenile
stage could lead to the production of all-female or all-male proge-
nies [2,4], hence thermo labile induction may serve as an alterna-
tive to genetic technique to regulate the sex of teleosts [12]. A third
method of simple hybridization technique in different species of
tilapia was also reported to produce monosex population
[49,42,43]. Further, social control of sex inversion was demon-
strated in many hermaphrodites species [3,2,12]. In fish, the
importance of androgens and estrogens in gonadal differentiation
has been considered workable, and the enzyme aromatase was
documented as the key enzymes needed for ovarian differentiation
in both gonochoristic fish and also in protandrous hermaphroditic
fish [20].

Despite diversity of sex determination and sex differentiation
process, there is at least one well conserved factor common to all
teleosts in the sex differentiation is the implication of oestrogen
and the enzyme aromataze complex (P450arom) a product of Cyp
19a1a gene [20]. The importance of Cyp 19a1a in gonadal differen-
tiation of fish has been demonstrated in different studies that used
treatments of aromatase inhibitors (AIs) ([26,1,14,51,9,42]). It is
now documented that a female genotype the Cyp 19a1a gene is
upregulated in ovarian differentiation while in male genotype
expression of Cyp 19a1a gene is blocked resulting in prevention
of oestrogen production in differentiating gonads [20,54]. Aroma-
tase activity (AA) has been measured in different tissues of seabass
Dicentrachus labrax L. using a tritiated water release assay and is
reported highest in brain 2.04 ± 0.4 pmol/mg prot/h) followed by
the ovary (0.59 ± 0.1) and visceral fat (0.21 ± 0.50) and head kidney
[16]. However, in contrast to some previously published reports
concerning the content and distribution neural aromatase in fish,
males consistently exhibited higher AA than females. In one year
old juvenile fish completing the process of gonadal differentiation,
brain AA (0.63 pmol/mg prot/h) was similar in both sexes and it
was 10 times lower than that measured in the brain of first time
spawners (6.52 pmol/mg prot/h), in this case, males show an over-
all higher (24%) activity than females [16,38]. There are only few
reports on the estrogen synthesis potentialities and/or estrogen
levels in the gonads during early sex differentiation in fish [54].
Using an indirect method, based on the specific release of labelled
water from tritiated androstenedione during its aromatisation,
aromatase activity has also been detected in Nile tilapia during
early ovarian differentiation [19,4]. In the light of available tech-
nologies and literature, this study presents details of the use of
hormones, non-steroidal aromatase inhibitors (AI) and oestrogen
receptor agonist, tamoxifen on sex reversal in commercially impor-
tant aquaculture species mossambique tilapia Oreochromis mos-
sambicus, Nile tilapia Oreochromis niloticus, common carp
Cyprinus carpio, mahseer Tor putitora and African catfish Clarias
gariepinus. Use of steroid hormones for induced sex inversion in
many aquaculture practices is not desirable as it is known to cause
adverse health effects. Therefore, use of non-steroidal aromatase
inhibitors was particularly studied in O. niloticus, C. carpio and C.
gariepinus for their efficay on sex differentiation and sex reversal.
The importance of aromatase Cyp 19a1a in gonadal differentiation
has been demonstrated in tilapia, common carp and African catfish
using letrozole and tamoxifen.

2. Materials and methods

Fry of tilapia (O. mossambicus and O. niloticus) 8 days post fertil-
ization (8 dpf) was obtained from the laboratory bred population
whereas fingerlings of T. putitora (30 dpf) and C. carpio (30 dpf)
were obtained from the hatcheries of the Directorate of Coldwater
Fisheries (DCFR) and National Bureau of Fish Genetic Resources
(NBFGR), respectively for various experiments. These fry and fin-
gerlings were acclimatized in laboratory conditions maintaining
them in glass aquaria (150 L) in triplicates. These experimental
fry and fingerlings were fed with commercially available feed (Tai-
yo Pvt. Ltd.) mixed with different doses (100 and 200 mg kg�1 feed)
of tamoxifen (T1 and T2) (Sigma Co., USA) and letrozole (L1 and L2)
(USP, Evalet™, India) daily twice up to satiation for 60 days. The
control group of fingerlings was given tamoxifen or letrozole free
similar diet. Similarly fry of tilapia (O. mossambicus) was fed with
17a methyltestosterone (17aMT) (Sigma Co., USA) incorporated
feed while T. putitora was fed with 17b estradiol (Sigma Co., USA)
hormone incorporated feed. For mixing steroids, tamoxifen and
letrozole into feed, the required amounts of these chemicals were
dissolved into minimal volume of 95% alcohol and sprayed over
feed to make its required doses and then dried in an oven. The
water quality of different experimental aquaria was analyzed for
temperature, pH, dissolved oxygen (DO), and hardness with the
help of water analysis kit (Multi 340i Weiheim, Germany) so as
to closely maintain their physico-chemical parameters (Table 1).

All experimental fish were measured for total length and weight
(FL and FW) with the help of a digital calliper meter-scale and a dig-
ital weighing machine (Denver Instruments, Germany) in the
beginning of the experiment and also at its termination. Specific
growth rate (SGR% day�1) and condition factor (K) were calculated
as per following formula: SGR (% day�1) = 100(logfinal
weight � loginitial weight/n) where n = number of days of treat-
ment and condition factor (K) = (Weight in g)/(Total length in
cm)3 � 100. The gonado-somatic index (GSI) of letrozole and
tamoxifen treated fishes as well as control was determined by
the formula: GSI = Gonad weight/body weight � 100, The GSI was
calculated with a precision of 0.01 g to show any changes in fish
maturity.

The measure of the GSI (gonad weight divided by the body
weight) is a simple way to evaluate the gonadal function [42,43].
For observing the sex-ratio, the gonads were examined with aceto-
carmine [18]. However, the activity of aromatase was assessed by
estimating gonadal hormones, testosterone and 17b estradiol and
also with gonadal histological examination [42,43]. Serum as well
as gonadal 17-b estradiol was estimated by enzyme-linked immu-
no-absorbent assay (ELISA) method using kit (Enzo Life Science, In-
dia. Catalogue No. 900-174). For histological studies, seven
specimens of the control as well as steroid and aromatase inhibi-
tors treated gonads were fixed in Bouin’s solution. The fixed tissues
were processed as per standard protocols practiced in the labora-
tory for block preparation and dehydration. The sections were
cut at 5 lm using a microtome (Shandon, Japan), stained with eo-
sin and haematoxilin and mounted with canada balsom. Histolog-
ical sections were examined under a compound microscope
(Olympus Co., Japan) and fishes were sexed following the criteria
of Ito et al. Ito et al. [22]. All data were calculated for mean ± stan-
dard deviation �X � SD . The chi-square test was applied to



Table 1
Physico-chemical water quality of different experimental aquaria used for sex reversal studies.

Physico-chemical parameters Control T1 T2 L1 L2

Temperature (�C) 26.5 ± 0.62 26.8 ± 0.5 27.3 ± 0.25 27.0 ± 0.58 28.6 ± 0.56
pH 7.2 ± 0.1 7.5 ± 0.23 7.4 ± 0.46 7.6 ± 0.69 7.4 ± 0.99
DO (mg L�1) 4.8 ± 1.78 4.4 ± 0.28 4.3 ± 0.50 4.6 ± 0.23 4.1 ± 0.11
Electrical conductivity (lS cm�1) 708 ± 5.67 698 ± 7.82 662 ± 6.67 678 ± 6.84 640 ± 4.98
Hardness (mg L�1) 184.6 ± 2.8 210 ± 4.6 198.7 ± 3.2 207.9 ± 3.7 197.5 ± 2.4
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determine deviations in sex ratio from the expected Mendelian sex
ratio of 1:1. Student’s t-test was used to determine the statistical
significance. Data were analysed using computer programmed
software, Statistical Package for Social Science (SPSS).

3. Results

3.1. Sex control in Himalayan mahseer T. putitora

The Himalayan golden mahseer T. putitora is an endangered fish
species [50] and has got high fishery importance and aquaculture
potential in the upland waters. Artificial breeding technology for
golden Himalayan mahseer, T. putitora developed during 1978 is
now used for ranching of the natural upland waters [50]. However,
getting sufficient number of females was identified as a critical
bottleneck in most of the breeding programmes. Considering this
problem seriously, an attempt was made to produce more females
of T. putitora by reversing the sex of the fish using hormonal sex
reversal technique [45]. While attempting sex reversal for produc-
ing female T. putitora, fry (30 dpf) was treated with 17b estradiol
(150 mg/kg feed). The results of this study delineated that the male
predominant population (76.6% male:24.2% female) reversed into
69.5% female and 30.5% male populations (Fig. 1). At the same
time, these sex reversed fishes had raised SGR% indicating better
performance for growth. Hormonal sex reversal has been tried in
tilapia and common carps for masculinization [47,34,8] while sex
reversal in T. putiora was attempted for the first time. However,
hormonal feminization is reported in Atlantic salmon and brown
trout in other countries [39,54]. Our efforts to produce sex reversed
female in T. putitora has been definitely a help in reproductive
management and stock improvement. Karyomorphological studies
in T. putitora has reported that this gonochoristic species presents a
simple heterogametic GSD model (XX:XY systems) [12]. The possi-
bility of hormonal sex inversion for obtaining all-female popula-
tion can also be achieved indirectly by integrating hormonal sex
reversal with genetic engineering [54]. For this approach, the fry
Fig. 1. 17b Estradiol and temperature in
of T. putitra is when treated with 17aMT, sex reversed monosex
male can be obtained. Such androgenised neo-males (XX) are when
crossed with normal females (XX) we can achieve all-female pop-
ulation (Fig. 2).

Further, the effect of temperature on sex determination in T.
putitora was also studies and was found that raised temperature
(23 ± 1 �C) five degree above control (ambient temperature) shifted
skewed sex-ratio towards normalization i.e., 1:1 sex-ratio and there
was 37.5% female population as compared to the normal where
only 24.4% females was observed. Since temperature has been doc-
umented to be significantly modulated by the aromatase activity,
thermosensitive sex change in T. putitora was understood in this
study. Although the thermosensitive gonadal sex differentiation
was discovered in T. putitora from the results of this study, it is
probably premature to define TSD patterns at this stage. However,
there is increasing number of reports on temperature dependent
sex determination in cyprinids supporting our findings [2,44,4].

3.2. Hormonal sex reversal in tilapia

In tilapia O. mossambicus, androgenization was attempted by
feeding 17a-methyle testosterone (17aMT) incorporated diet
(40 mg/kg feed) to the fry (8 dpf). However, only 87.5% sex re-
versed male population was achieved in this study [47]. Some
workers reported that sex reversal in tilapia could be possible with
treatment with 17aMT in the dose of 60 mg/kg feed or even more
[34,8]. Since hormone treatment, that too in high dose is not desir-
able as it is associated with adverse effects on human health, we
attempted to reduce the dose of 17aMT. Accordingly, fry of tilapia
(8 dpf) was fed with diet containing 17aMT in the dose of 35 mg/
kg feed under long photoperiod (16 L:8D) for 60 days and the result
showed 100% sex reversed male tilapia with excellent growth
(Fig. 3).

Considering that light modulates endogenous production of
melatonin [13], we received the first clue that melatonin may be
involved in the process of sex differentiation in tilapia since feed-
duced feminization in Tor putitora.



Fig. 2. A strategic approach integrating hormonal sex reversal with genetic
engineering for producing all female progeny in Tor putitora.

A.K. Singh / General and Comparative Endocrinology 181 (2013) 146–155 149
ing of 17aMT under long photoperiod fetched 100% sex reversal
[48,44]. Further, it was interesting to observe that androgenisation
through feeding 17aMT incorporated diet (35 mg/kg feed) under
long photoperiod (16L:8D) in aquaria water containing exogenous
melatonin (5 lg/l water) could not bring about sex reversal and the
sex-ratio was found close to the normal sex ratio of 1:1. The results
of this experiment suggested that endogenous melatonin modu-
lated by long photoperiod could not be helpful in regulating the
sex ratio while exogenous melatonin protected the fish from
17aMT induced sex reversal. How such changes occurred is not
clear at this stage needs further study. When fry of O. mossambicus
was reared in aquaria at a temperature of 33 ± 1 �C using good
quality thermostat heaters, it was found that there was over 90%
males available in 35 days of rearing [44]. The results of this study
supported the published report where temperature dependent sex
determination has been shown [4].

In another experiment on Nile tilapia O. niloticus a promising
species of aquaculture, tamoxifen and letrozole induced sex rever-
sal was studied. The results of this study showed that tamoxifen
and letrozole both significantly induced sex reversal and there
was over 98% masculinization [42,43]. Sex-ratio of tamoxifen and
Fig. 3. Effect of 17a methyltestosterone induced masculinization u
letrozole treatments to fry of O. niloticus showed 63.21 ± 0.72%
male population and 36.79 ± 0.48% female populations with low
dose of tamoxifen (T1) while high dose of tamoxifen (T2) brought
about 90.01 ± 0.66% male and 9.73 ± 0.703% female populations.
Low dose of letrozole treated group showed 87.91 ± 1.39% male
and 11.86 ± 1.080% female populations while high dose of letrozole
(L2) gave 99.5% male and 0.5% female populations. Percentage of
male population was comparatively high in letrozole treated group
of fish in comparison to tamoxifen treated group. Some intersex
population was also observed in low dose of tamoxifen and letroz-
ole treated group of fish. To substantiate the aromatase activity, le-
vel of 17b estradiol (E2) was estimated using ELISA kit which was
114.33 ± 3.724 pg/ml in low dose of tamoxifen treated fish (T1)
while in high dose tamoxifen treated fish (T2), it was
95.66 ± 2.066 pg/ml. Both these levels of E2 was lower than the
control value (Fig. 4). Letrozole treatment to fish brought about
more pronounced decline in E2 level as compared to tamoxifen
treated fish. The histological examinations of the tamoxifen and
letrozole treated gonads of tilapia also revealed maculinizing ac-
tion at the cellular level (Fig. 5).

Production of YY male tilapia is highly preferred in aquaculture
for growth and avoiding prolific breeding/over-crowding [4]. For
producing YY male, fry of tilapia can be feminized by feeding
hatchlings with 17b estradiol [12]; [10]. Such sex reversed neo-fe-
males (XY) are when crossed with normal males (XY), we get 25%
YY males which can be identified by progeny testing. These YY
males are then feminised with treatment with 17b estradiol for
producing neo-females (YY) which are when crossed with YY
males, we get absolute sex reversed males (Fig. 6).
3.3. Sex reversal in common carp using AIs

Effect of letrozole and tamoxifen on the specific-growth rate
(SGR% day�1), gonado-somatic-index (GSI), sex-differentiation
and 17-b estradiol levels were studied in sexually undifferentiated
C. carpio (30 dpf). The results delineated that tamoxifen treatment
significantly decreased GSI in C. carpio whereas letrozole increased
it. Tamoxifen (200 mg/kg feed) brought about 82.5% masculiniza-
tion, whereas letrozole treatment in the same dose elicited 98.5%
masculinization. The gonadal 17-b estradiol was found to decline
nder long photoperiod (16L:8D) in Oreochromis mossambicus.



Fig. 4. Effect of different doses of tamoxifen (T1 and T2) and letrozole (L1 and L2) on the serum 17b estradiol (E2) and testosterone (T) levels in Oreochromis niloticus.

Fig. 5. Photpmicrograph (A) high dose letrozole treated gonad of Oreochromis niloticus showing leding cell (LD) spermatids (ST) and spermatocytes (SC). Bar scale 60 lm;
Stain H&E. (B) An intersex gonad of Oreochromis niloticus showing nucleus containing big nucleolus(N), zona radiate (ZR), ripe thecal oocyte (RT) containing cytoplasm. Bar
scale 60 lm; Stain H&E.
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from 86.0 ± 1.41 (control) to 45.5 ± 1.94 lg�100mg gonadal tissue
with tamoxifen and 36.0 ± 0.72 lg�100mg with letrozole treat-
ments. Similarly, serum 17-b estradiol levels were also found
decreased with tamoxifen and letrozole treatments (Fig. 7). The
testicular development in 37.8% fishes treated with tamoxifen or
letrozole was found more advanced (spermatocytes) than those
in the control (spermatogonium) (Fig. 8). However, there was
reduced ovarian growth and increased atresia. It was concluded
that letrozole and tamoxifen both significantly affected sex
differentiation and gonadal maturity in C. carpio leading to almost
complete masculinisation; however, the effect of letrozole was
found more potent.

3.4. Sex change in C. gariepinus with letrozole

Effect of an aromatase inhibitor, letrozole was studied in sexu-
ally undifferentiated fingerlings of African catfish C. gariepinus
(60 dpf) in glass aquaria (150 L) by way of feeding and immersion.
One group of fingerlings was fed with diet containing letrozole
(100 and 200 mg/kg feed) while the other group was injected with
letrozole intraperitoneally in the same dose i.e., 100 and 200 mg/kg
body weight weekly for inducing masculinization. After 60 days,
the hormonal production of testosterone (T) and 17b-estradiol
(E2) in the serum was estimated using ELISA technique. It was
found that letrozole in two doses (100 and 200 mg/kg) when given
to fingerlings of C. gariepinus via feed or through injection, it
changed the T and E2 levels. High dose of letrozole significantly
(p < 0.001) increased the T level and it was 1197.76 ± 18.79 pg/ml
when treatment was through feed while it was 1470.5 ±
20.76 pg/ml when the fish was injected. In low dose treated fish,
T level was 682.09 ± 15.93 pg/ml (via diet) and 890.65 ± 16.82 pg/
ml (via injection) (Fig. 9). There was significant deviation in sex
ratio and masculinization was achieved up to 86.5%. E2 level was
found significantly (p < 0.001) decreased in letrozole treated fish.



Fig. 6. Strategic breeding plan for producing YY all-male population in Oreochromis
niloticus by integrating hormonal sex reversal with genetic engineering.
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In high dose of letrozole treated fish, it was suppressed to
10.2 ± 2.91 pg/ml (via feed) and 24.7 ± 5.05 pg/ml (via injection)
which was lower to control value where it was detected
65.40 ± 7.31 pg/ml (via feed) and 83.7 ± 8.19 pg/ml (via injection).
The result of this study demonstrated that letrozole promoted
the aromatization so that E2 level decreased and T level increased
[20].
4. Discussion

Present knowledge concerning the role of steroid hormones in
the process of sex differentiation has been mainly acquired
through the techniques such as the use of treatments with steroid
hormones, steroid enzyme inhibitors or steroid receptor antago-
nists. The data obtained from our studies are sex ratio, gonado-so-
matic index (GSI), steroid hormone levels during gonadal
differentiation and histological examinations of gonadal cells
Fig. 7. Effect of tamoxifen and letrozole on gonada
describing the steroid enzyme potentialities during the differenti-
ating gonads. Yamamoto postulated in 1969 that steroids were the
natural ‘sex inducers’, oestrogens being the ‘gynoinducers’ and
androgens being the ‘androinducers’ [3]. Thereafter, a vast number
of experiments were conducted dealing with steroid treatments in
fish for production of monosex male or female populations
[34,8,24]. The aim of most of these treatments was to control the
sex phenotype in fish species of commercial interest
[47,12,45,42]. Thus, these studies provided some physiological in-
sight as to the regulation of sex differentiation by steroid hor-
mones. It is now well accepted that endogenously synthesized
steroids play an important role in gonadal sex differentiation of
many fish species, the effects of exogenous steroid treatments on
the regulation of the sex differentiation processes can disrupt the
natural differentiation process by overriding the normal develop-
mental pattern of gene expressions and physiological regulations
leading to sex inversion, even after the initiation of the natural dif-
ferentiation process [12]. For example the masculinization or fem-
inization process in rainbow trout only starts after the steroid
administration at the onset of first feeding i.e., 50 days post fertil-
isation but the first dimorphic sex gene expression pattern can be
detected around 30 dpf with the ovarian specific expression of Cyp
19a1a [5,52]. In this study, treatment of 17b estradiol to T. putitora
at the ontogeny stage of 30 dpf while 17a methyl testosterone to
8 dpf tilapia was effective to bring about sex reversal [47,45]. It
should thus, be specified that the gonadal sex phenotype in
gonochoristic fish could generally be manipulated around the time
of the labile sex differentiation period [34,12,53]. In rainbow trout
and tilapia, Cyp 19a1a gene expression has been shown not to be
restored during the estrogen treatment resulting in an absence of
gonadal aromatase Cyp19a1a activity and an endogenous estrogen
synthesis. This supports the idea that Cyp19a1a up-regulation is
blocked by the exogenous estrogen or AIs treatments to fish [32].
Down-regulation of genes encoding steroid enzymes has also been
reported during masculinization treatment with androgens, both
in rainbow trout [6] and Nile tilapia [7]. The hormonal balance be-
tween oestrogens and androgens appears to be crucial in the pro-
cess of sexual differentiation in developing gonads particularly in
gonochorist fishes. This balance relies on the availability and activ-
ity of the steroid-synthesizing enzymes, particularly Cyp19a1a
gene. The importance of gonadal aromatase Cyp19a1a in gonadal
differentiation of fish has been demonstrated in several studies
using treatments of aromatase inhibitors (AIs) [25,1,27,51,28,42].
These studies demonstrated that AIs can inhibit the aromatase en-
zyme activity by catalysing the biosynthesis of estradiol-17b (E2)
from its precursor testosterone, and can result in reduced oestro-
gen production [20]. The dose of AIs used in this study was based
l estrogen (E2) production in Cyprinus carpio.



Fig. 8. (A) Letrozole treated gonad of Cyprinus carpio showing spermatocytes (SC) and spermatogonia (SG). Bar scale 60 lm; Stain H&E. (B) An intersex gonad of Cyprinus
carpio showing), zona radiate (ZR), cytoplasm (C), perinuclear cell (P) and several spermatocytes (SC). Bar scale 60 lm; Stain H&E.

Fig. 9. Effect of letrozole (L1 and L2) on the serum 17b estradiol (E2) and testosterone (T) levels in Clarias gariepinus.
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on the published papers where AIs in the dose of 50–500 mg/kg
have been reported to inhibit the aromatase activity partly or com-
pletely in different fish species [25,14,42]. The aromatase activity
was assessed based on GSI, gonadal hormones levels and also his-
tological changes in gonads. In this study three doses of AIs were
chosen which were 50, 100 and 200 mg/kg feed. However, the re-
sponse of only two doses i.e., 100 and 200 mg/kg feed was found to
effectively down regulate the aromatase activity as assessed by the
variation in T and E2 levels, GSI, histological changes in gonadal
structures and sex-ratio [42]. It is to mention that high dose
(22 mg/kg feed) completely blocked the aromatase activity as there
was almost complete sex-reversal (masculinization) together with
marked reduction in E2 level in O. niloticus as well as C. carpio. A lit-
tle E2 was still detected in totally masculinised tilapia and common
carp which was due to the fact the some estradiol level is required
for testicular maintenance [20]. In addition to T, 11keto testoster-
one and E2, It is also reported that 17b hydroxysteroid subtypes
also do play pivotal role in estrone to estradiol conversion and
androstenedione to testosterone conversion during sex differentia-
tion [24,23].

Treatments with AIs inhibit aromatase enzyme Cyp19a1a activ-
ity resulting in the decrease in the biosynthesis of endogenous
estrogens and an induction of 11-ketotestosterone or 17a-methy-
letestosterone [7]. Further it is also reported that 17b hydroxyster-
oid subtypes also do play important role in estrone to estradiol
conversion and androstenedione to testosterone conversion during
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sex differentiation in fish [24,23]. However, in the adult goldfish
Carassius auratus, 11KT implant treatments in incompletely ovari-
ectomized females can also lead to the development of testicular
tissue, suggesting that germ cells can still retain a certain level of
bipotentiality [12]. This bipotency of germ cells was also suggested
by in vitro experiments in the same species and in vivo in the me-
daka [3,55].

Apart from the numerous treatments that are known classically
to be effective in inducing feminization (using oestrogens) or mas-
culinization (using androgens), there exist a number of paradoxical
results on the feminizing effects of androgens in fish [34,3,12]. In a
genotypic all-female population of Chinook salmon Oncorhynchus
tshawytscha, balneation treatments with synthetic, aromatizable
methyltestosterone (MT) or the synthetic, nonaromatizable andro-
gens methyldehydrotestosterone (MDHT), have been reported
where aromatization of androgens decreased their relative mascu-
linizing potencies [3,12,28]. However, in the channel catfish Ictalu-
rus punctatus and the blue catfish Ictalurus furcatus, paradoxical
feminizations have been reported following treatments with non
aromatizable androgens [34,3]. Although the effects of steroid
treatments on masculinization or feminization have been well doc-
umented, very little data exist concerning the action mechanisms
of these steroids. For instance, aromatization is thought to decrease
the masculinization efficiency of some aromatizable androgens
[3,39,12], but whether this is due to a decrease in androgen con-
centrations or an increase in oestrogen concentrations is unknown.
The physiological effects of steroid treatments on the differentia-
tion of gonads have received very little attention. In rainbow trout,
E2 or MT treatments performed on all-male and all-female popula-
tions at the onset of the first feeding inhibited the in vitro produc-
tion of steroids in both sexes, and did not induce the gonadal
steroid secretion pattern of the opposite sex [24]. In the common
carp, treatments with E2 failed to feminize XY males, but produced
intersexed animals on XX (mas:mas) males (animals homozygous
for a recessive mutation in a gene called mas for masculinization
(Guiguen et al., 2012). Together with the fact that these XX (mas:-
mas) males (but not normal XY males) produced oestrogens, it
seems that increasing endogenous oestrogen levels drive differen-
tiation slightly towards female differentiation but without totally
overriding the masculinizing effects of endogenous 11-oxygenated
androgens [3,12]. In African catfish C. gariepinus androgen treat-
ment has been reported to induce sex reversal [40,41]. In this
study, the effect of letrozole was studied which had a similar effect
as shown in other catfish [28,9]. Apart from these common treat-
ments, a few studies have shown some effects of corticosteroids
or progestins [3] on sex differentiation. For corticosteroids this ef-
fect could be explained by a conversion into 11-oxygenated andro-
gens [3,12,24].

In this study, treatments to C. carpio, O. niloticus and C. gaiepinus
with letrozole, and tamoxifen resulted in induced masculinisation.
In the salmon O. tschawytscha, treatment of all-female populations
with a nonsteroidal aromatase inhibitor (AI) resulted in induced
masculinization and increased masculinization induced by a low
dosage of MT [5]. Thus AI, by reducing aromatization of MT, greatly
enhances the masculinizing effect of an aromatizable androgen
[12,28]. In rainbow trout and in tilapia O. niloticus, treatments with
the steroidal aromatase inhibitor 1,4,6-androstatriene-3-17-dione
(ATD) resulted in masculinization of all-female populations
[25,28,42]. High-dosage treatments of rainbow trout with cyanok-
etone, a 3b-hydroxysteroid dehydrogenase (3bHSD) inhibitor, re-
sulted in a significant increase of males [24]. Surprisingly, this
treatment also resulted in an important increase in the 3bHSD
activity in the interrenal tissue, but not in the gonads of treated
fish. This could result from indirect stimulation of steroidogenesis
in the interrenal tissues producing 11b-hydroxyandrostenedione
(11bOHD4), which is able to masculinize the gonads [3,24]. How-
ever, treatment with metopyrone, an 11b-hydroxylase (11bH)
inhibitor, failed to induce feminization, but inhibition of 11bH
was found to be ineffective, at least in the gonads [3,54]. Certain
oestrogenic effects of androgens in differentiated fish, however,
have been suggested to be modulated directly by oestrogen recep-
tors [3,12]. In the Coho salmon, two well-differentiated periods of
steroid sensitivity have been demonstrated with a maximum effi-
ciency of feminization with E2 balneation treatment carried out
1 day after hatching and a maximum efficiency of masculinization
with 17aMT 1 week later [3]. Earlier attempts to masculinize or
feminize fish using steroid receptor antagonists have failed while
only few reports mentions that the androgen receptor antagonist
cyproterone acetate induces feminization in the medaka [3]. For
oestrogen-receptor antagonism, reports on masculinizing effect
of tamoxifen in tilapia O. niloticus is available [25]. However, our
studies delineated that tamoxifen treatment to O. niloticus, C. carpio
and C. gariepinus can effectively masculinize a high percentage of
population [42].

Some steroidogenic potentialities of eggs or very young em-
bryos have also been shown in different species of salmonids [3].
These pathways are thought to be mainly deactivations of active
steroids of maternal origin [3]. Few studies have investigated the
steroidogenic potentialities of the differentiating gonads during
the period encompassing sex differentiation. In the tilapia O. niloti-
cus, aromatase activity was specific for ovaries shortly after differ-
entiation, whereas 11bH and 11b-hydroxysteroid dehydrogenase
(11bHSD) activities were specific for testes [3,36]. In the same spe-
cies, the undifferentiated gonads have been shown to possess
3bHSD and 17-hydroxylase (17H) activities. Shortly after gonadal
differentiation, testes are also able to synthesize 11bOHD4 and
adrenosterone (Ad). In females, there were no 11-oxygenated
androgen synthesis potentialities, and oestrogen synthesis potenti-
ality was only acquired much later following gonadal differentia-
tion [3,12]. In larvae of the catfish C. gariepinus, 11-oxygenated
androgens were also specific for testis differentiation [24]. In the
common carp, the major metabolites detected in XY males are
11-oxygenated androgens, with nearly no oestrogens, whereas in
XX (mas:mas) females, oestrogens are the major metabolites with
no 11-oxygenated androgens produced at all. In XX (mas:mas)
males, both oestrogens and 11-oxygenated androgens are pro-
duced, and animals differentiate into the male phenotype. In con-
clusion, it would appear that the precocious synthesis of 11-
oxygenated androgens in XX (mas:mas) animals directs male tes-
ticular differentiation [3,24].

Because of the very small size of differentiating gonads in fish,
many studies carried out to measure steroids during sex differen-
tiation [12]. Most of these studies have come to the conclusion that
steroids, some of them probably of maternal origin, can be de-
tected and metabolized very early [3,24]. Interpretation of such
experiments was difficult since extragonadal steroid production
sites exist in fish [3,24], and differences between sexes have rarely
been found. However, using all-male and all-female populations of
rainbow trout, it was demonstrated that higher levels of D4 and T
are produced in the testis, 2 weeks before histological gonadal dif-
ferentiation. Gonadal secretion of E2 is higher in female gonads but
only after histological gonadal differentiation [3,24]. In O. niloticus,
T levels are only detectable in the gonads and serum after testicu-
lar differentiation [3,24,42,43]. Also, a transient peak of T and 11KT
has been detected in gonads at 22 dpf and a peak of E2 during ovar-
ian differentiation [3,24].

Although steroid enzyme potentialities have been studied in
some fish, the problem concerning the receptivity of the differen-
tiating gonads has only occasionally been addressed. In rainbow
trout, oestrogen receptor genes are expressed early in both male
and female gonads before and during sex differentiation, showing
that gonadal receptivity for oestrogen may be acquired by both
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sexes [3,24]. Genes previously found to be important in the process
of gonadal sex differentiation in mammals have also been found in
puffer fish Fugu rubripes [3,24] and in the zebrafish Brachydanio re-
rio [36]. The steroidogenic factor 1 (SF1), or SF1 homologues
belonging to the FTZ-F1 family, have also been found both in the
zebrafish [3,24] and rainbow trout [3,24]. Finally, a Sox9 gene
[3,24] and some SRY-related sequences [3,24] have been described
in rainbow trout. None of these genes has been studied with re-
spect to gonadal differentiation events. Finally, two sequence
homologues to zona pellucida proteins ZP2 and ZP3 were shown
to be differentially expressed in the medaka gonads starting from
5 days post-hatching [3,24].

In gonochoristic species, sex differentiation can be influenced
by exogenous factors. Most studies have focused on the effect of
exogenous steroids on sex differentiation. Although the influence
of social factors in the regulation of sex inversions in certain her-
maphroditic species has been well described, the presentation of
indisputable evidence concerning the effect of environmental fac-
tors (temperature) on sex differentiation in gonochoristic fish is
more recent. As a result, very few environmental factors have been
studied in only a limited number of species. Moreover, it is impor-
tant to note that a number of studies concerned with the effect of
environmental factors on sex differentiation have used, deliber-
ately or not, inbred lines of fish species. This is particularly true
for those works using species from the poecilids family as labora-
tory models. The relative importance of such inbreeding on the
sensitivity to environmental factors remains to be determined. In
that regard, inbreeding has been shown to induce spontaneous
XX male production (fixation of rare masculinizing recessive al-
leles) at least in the common carp [3,24] and the rainbow trout
[3,24]. In gonochoristic fish species, as in other vertebrates display-
ing environmental sex determination (ESD), the main environmen-
tal determinant of sex may be the prevailing temperature during
early development [3,24]. This also happens to be the factor which
has received the greatest attention. Most of the studies on temper-
ature effects have focused on reptiles and amphibians: tempera-
ture effects, also called temperature sex determination or TSD
have been demonstrated in a wide variety of crocodiles, turtles, liz-
ards and certain species of frogs and salamanders [3,24]. In
amphibians, these temperature effects may only be artefacts due
to the abnormally high rearing temperatures used, and thus under
natural conditions, sex could depend exclusively on genetic factors.
In fish, the putative effects of other factors such as pH, salinity,
photoperiod or social interactions have received much less
attention.

The strong influence of pH, either alone or through interactions
with temperature, has been reported in a number of species. In
Xiphophorus helleri, the development of male monosex populations
(100%) or nearly female monosex populations (B2% males) is ob-
tained at an acid pH (6.2) or at a slightly basic value respectively
[3,24]. Similar results have been described in another poecilid, Poe-
cilia melanogaster [3,24] and in 7 out of 37 species of Apistogramma
(cichlids) under study: male proportions are inversely proportional
to pH [3,24]. In A. caetei, for example, balanced populations are ob-
served at an acid pH (53–60% males: pH 4.5–5.5), whereas under
more neutral conditions, almost exclusively female populations
are produced (4% males: pH 6.5).

In the paradise fish Macropodus opercularis, individual isolation
favours testicular differentiation (89% males), whereas grouping
individuals induces a female differentiation which is proportional
to the density (25% at the lowest density, 66% females at the high-
est density) [17]. In the Midas cichlid, Cichlasoma citrinellum, stable
size ranks are reported within cohort from the juvenile stage to
sexual maturity. Within a cohort of siblings, the larger individuals
differentiate into males, whereas smaller members undergo female
differentiation. Males are always larger than females and have the
primary role of defending the breeding territory. Finally, females
prefer large males. The experimental alteration of size distribution
(grading according to size) within a group results in a slight devi-
ation in favour of females in both initially lower and upper-size
groups; assuming that sex is exclusively determined by genetic
factors, both male (fish above the median size) and female (below
the median size) groups should be obtained. Therefore, sex differ-
entiation can be influenced by relative size [3,17,24].
5. Conclusion

The manipulation of phenotypic sex and gonadal differentiation
in gonochorist fish species of aquaculture importance have been
studied using non-steroidal aromatase inhibitor letrozole and
tamoxifen. Sex reversal in tilapia O. mossambicus and mahseer T.
putitora was also attempted with the use of 17a methyltestoster-
one and 17b estradiol. Since the use of steroids is not desirable
in aquaculture, it is imerative to adopt indirect method of sex
reversal integrating steroid induced sex reversal with genetic engi-
neering to obtain fertile and sexual genotypes of super males (YY)
or super females (XX). In this study, the hormonal and aromatase
inhibitor induced sex reversal was achieved and the hormonal bal-
ance between oestrogens and androgens was demonstrated to be
crucial in the process of sexual differentiation in developing go-
nads in tilapia, mahseer, common carp and African catfish. Further,
it was also confirmed that hormonal balance of testosterone and
estradiol relied on the availability and the activity of the steroid
synthesizing enzymes particularly the gonadal aromatase Cyp
19a1a in gonochorist fishes. The diverse mechanisms of sexual
determination and patters of gonadal differentiation in aquacul-
ture species render them interesting models to investigate these
mechanisms from the molecular, cellular, phylogenetic and evolu-
tionary perspectives. Currently generated data in the field of
monosex productions using modern endocrine techniques will
have great impact on the understanding of the crucial reproductive
aspects, sexual development and sex differentiation.
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