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Abstract

In the present study, we demonstrated the ability of Fadrozole, an aromatase inhibitor, to induce
sex inversion of genetically female common carp fry during the critical sex differentiation period.
Thirty-day-old female fingerlings with a mean initial weight of 4.0 g (experiment I) and 3.5 g
(experiment Il) were fed a diet containing Fadrozole for 36 or 50 days, respectively. Not a single
male was found in the control groups of both experiments. In experiment |, Fadrozole at 200
mg/kg feed resulted in 58.6% males, while fish receiving 17a-methyltestosterone at 50 or 100
mg/kg feed resulted in only 5-10% males. In experiment Il, the efficiency of Fadrozole was dose-
dependent; the lower dose of 100 mg/kg caused masculinization in 86% of the treated fry while
the higher doses of 200 and 400 mg/kg feed increased the percentage of males to 97%. These
results confirm the importance of aromatization during the labile period in common carp since
low aromatase activity during this period, regardless of genotype, resulted in masculinization.

Introduction
Artificial sex control is an important technique  al, estrogen treatment causes feminization of
in fish culture. Sex control using steroid hor-  genetic males and androgen treatment caus-
mones has been examined in various fish es masculinization of genetic females.
species (Yamamoto, 1969; Hunter and A theory for the mechanism that allows
Donaldson, 1983; Nagahama, 1994, Piferrer, hormonal manipulation in sex differentiation
2001; Devlin and Nagahama, 2002). In gener-  was presented by Bogart (1987). According to
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this theory, sex determination in fish is regu-
lated by the ratio of androgen and estrogen
levels at the critical time of sex determination,
and steroid intervention during this period
results in changes in this balance. Several
other factors can impact sex differentiation in
fish. Temperature, for example, can alter sex
determination pathways and influences the
sex ratio in fish populations from different
habitats (Devlin and Nagahama, 2002).

The common carp (Cyprinus carpio L.) has
an XX/XY chromosomal genetic sex determi-
nation (Nagy et al., 1984). Hormonal sex inver-
sion is required to produce all-female proge-
nies; normal XX females are mated with invert-
ed XX males (Nagy et al., 1981; Gomelsky et
al., 1994). Work carried out at the Dor station
(Israel) showed that all-female populations of
common carp have a higher growth rate (7-8%)
than mixed populations, and prevent uncon-
trolled reproduction (Gomelsky et al., 1994).
Androgenic sex inversion in the common carp
has been achieved by oral administration of
diets containing 17a-methyltestosterone (MT;
Nagy et al., 1981; Gomelsky, 1985; Komen et
al., 1989, 1993; Gomelsky et al., 1994) or by
treatment with testosterone undecanoate
(Bharadwaj and Sharma, 2002). Nevertheless,
the sex-inversion technique for common carp
needs further optimization, mainly to determine
the optimal period for androgen treatment
under various growth conditions (Gomelsky et
al., 1994; Gomelsky, 2003).

Another approach to sex reversal is to
reduce estrogen biosynthesis by inhibiting the
activity of aromatase, which catalyzes the
conversion of androgens to estrogens using
nonsteroidal inhibitors such as Fadrozole
(CGS 16949A; Steele et al., 1987). Fadrozole
has been described as a reversible competi-
tive inhibitor whereby both substrate and
inhibitor compete for the same site on the aro-
matase enzyme (Brodie, 1991). The efficacy
of this compound in reducing estrogen biosyn-
thesis has been demonstrated in vivo and in
vitro in mammals (Steele et al., 1987;
Schieweck et al.,, 1988) and chickens
(Elbrecht and Smith, 1992). In fish, the poten-
cy of Fadrozole was demonstrated in sexual
differentiation studies of the chinook salmon

Oncorhynchus  tshawytscha  (Walbaum;
Piferrer et al., 1994) and Nile tilapia (Kwon et
al., 2000, 2002). Fadrozole inhibited estrogen
synthesis in vivo in maturing female coho
salmon Oncorhynchus kisutch (Walbaum;
Afonso et al., 1999).

In the current study, we treated common
carp females (genotype XX) with an aro-
matase inhibitor (Fadrozole) and an androgen
(MT), and compared their ability to induce sex
inversion.

Materials and Methods

Two experiments were conducted at the Fish
and Agquaculture Research Station at Dor,
Israel, during 2001-2002. The genetic sex
regulation method (Gomelsky, 2003) was
used to generate all-female populations. In
experiment |, offspring were obtained by
crossing normal XX females of the Dor 70
common carp line with gynogenetic MT sex-
reversed males (F1) according to the protocol
of Gomelsky et al. (1994; Fig. 1). In experi-
ment |l, all-female progenies were obtained
by mating Dor 70 XX females with successful-
ly inverted males (‘F1) from experiment I.

Five-day old larvae were fed freshly
hatched Artemia salina nauplii for 1-2 days
and then stocked into earthen ponds for pri-
mary nursing soon after the onset of active
feeding. After 22 days at an average body
weight of 4.0 g, or 30 days at an average body
weight of 3.5 g (experiments | and Il, respec-
tively), fish samples were collected and trans-
ferred indoors for masculinization and control
treatments in recirculating water systems.
Each system consisted of two 100-I tanks, 50
fish in each, and another 100-I tank that
served as a biological filter to which the rear-
ing tanks were connected. The biofilter tanks
were filled with a substratum of synthetic
fibers (Gomelsky et al., 1994). Water flowed
from the rearing tanks to the filter by airlifts
and returned through a siphon. The control
group contained 25 fish.

Fish were fed 2-mm pellets containing 35%
protein, 4.5% fat, and vitamins. Experimental
diets containing MT (Sigma, St. Louis) or an
aromatase inhibitor (Fadrozole™ CGS 16949A,
Novartis, Basel) were prepared by using 96%
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Fig. 1. Matings and endocrine treatments to produce all-female (XX) common carp populations and sex
inversions by an aromatase inhibitor to produce XX neomales.

ethanol according to Guerrero (1975). Control
diets consisted of 2-mm pellets with no addi-
tives. The diets were stored at 4°C and admin-
istered within a week after preparation. In
experiment I, 1 kg pellets were carefully mixed
with 50 or 100 mg/kg of MT, or 200 mg/kg of
Fadrozole, and the fish were fed for 40 days in
duplicate tanks. For experiment Il, Fadrozole
was mixed in the diet to a final concentration of
100, 200, or 400 mg/kg. The additives were
given for 36 days in four replicates. Twenty-five
percent of the fish from each tank within an Al
treatment were pooled and allowed to feed an
additional 14 days. The number of fish in each
tank was counted at the end of treatment peri-
od to calculate the survival rate. Water temper-

ature was maintained at 23.5-26.5°C in experi-
ment |, and 26-28.5°C in experiment Il, the lat-
ter with some fluctuations to 35°C.

The effectiveness of the treatments was
determined five and two months after the end
of treatment for experiments | and I, respec-
tively. Sperm production after stripping was
recorded for 80-90% of the fish in each exper-
imental group. Salmon gonadotropin-releasing
hormone analogue (sGnRHa; 10-20 pg/kg)
was injected into all the fish that did not
release milt, and those releasing milt were
identified 20 hours later. Fish that did not
release milt after this treatment were sacrificed
and sexed by macroscopic inspection of the
gonads. The control fish were not injected, and
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all of them were sacrificed and sexed. Fish
were regarded as sterile when the gonads
were undeveloped and sex could not be iden-
tified. Statistical significance between the sex
ratios in the control and treated groups was
determined by the Fisher's Exact Test.

Results

In experiment I, mortality after the MT and
Fadrozole treatments was comparable (2-8%;
Table 1). The Fadrozole treatment resulted in a
significant percentage of males (58.6%).
Surprisingly, we found that treatment of fish
with the diets containing MT resulted in a lower
percentage (5-10%). These results indicate that
the aromatase inhibitor was more efficient than
the MT treatment in inducing sex inversion.

Fifteen of the inverted males produced in
experiment | were used as breeders in experi-
ment Il. They produced all-female progenies
when mated with normal females. Mortality of
the treated fry during the second experiment
ranged 24-34%, compared to 30% in the control
group (Table 2). A high percentage of males
was also observed in experiment Il following
treatment with the aromatase inhibitor. The effi-
ciency of masculinization was dose-dependent,
in that the lower dose of 100 mg/kg Fadrozole
caused masculinization of 86% of the treated fry

Tzchori et al.

while the higher doses of 200 and 400 mg/kg
increased the percentage of males to 97%. The
high percentage of males was achieved after a
short exposure to treatment of only 36 days.
Extending the Al treatment to 50 days did not
increase the percentage.

In the control groups, visual inspection of
the fish revealed that not a single male was
found. Most of the control fish were female, a
few were sterile. Three to five months after Al
treatment, about 50% of the neomales
released milt without sGnRH injections. The
testis of the inverted males that did not
release milt were somewhat retarded in devel-
opment, but normal in structure and color.

Discussion
In the present study, we demonstrated the abil-
ity of an aromatase inhibitor (Fadrozole) to
induce sex inversion in genetic female fry of the
common carp during the critical sex differentia-
tion period. Fadrozole is a nonsteroidal, com-
petitive aromatase inhibitor (Steele et al,
1987). This compound induced sex-reversal of
genetic females to phenotypic males in fish
such as chinook salmon (Piferrer et al., 1994),
Japanese flounder (Kitano et al., 2000), and
Nile tilapia (Kwon et al., 2000), and in reptiles
(Dorizzi et al., 1994; Wibbles and Crews, 1994),

Table 1. Sex ratio of XX genotype Cyprinus carpio females treated with Fadrozole, an aro-
matase inhibitor (Al), or 17a-methyltestosterone, an androgen (MT), for 40 days (experiment I).

Treatment Final Fish Males Females Sterile Males Survival
weight (n)* (n) (n) (n) (%) (%)
(9)
Control 17.4+£0.9 25 0 21 4 Oa 94
MT (50 mg) 18.2+1.2 64 6 27 31 9.4b 92
MT (100 mg) 17.6+0.4 64 3 33 28 4.7a 98
Al (200 mg) 23.1+0.5 87 51 3 33 58.6¢ 94

Values with a common superscript do not differ significantly (p>0.05).
* Number of fish whose sex was determined at 5 months.
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and chickens (Elbrecht and Smith, 1992). The
mechanism behind the masculinization of the
genetically female fry in the present study might
be reduction of P450 aromatase activity and
decreased level of estrogens.

The lower dose of Fadrozole (100 mg)
given for the shorter duration (36 days) result-
ed in about 97% of males in two of four
groups. It would be interesting to examine
lower doses for a shorter duration to deter-
mine the minimal effective treatment.

The effect of MT treatment on the percent-
age of males was surprisingly low, less than
10%. This is in contrast to results reported by
Nagy et al. (1981), Komen et al. (1989), and
Gomelsky et al. (1994) who showed that MT
treatment of common carp can masculinize
85-96% of the fry. The difference in the pre-
sent study might be due to the setup of the
experiment and the application of the hormon-
al treatments. In the experiments of Gomelsky
et al. (1994), the fish in only one tank of the
experimental system were fed an MT-diet,
while the fish in the other two tanks were
exposed to the hormone only by sharing water
containing soluble MT metabolites. In the pre-
sent study, fish in all the tanks of the recircu-
lating system of the MT treatment were fed an
MT-containing diet. Therefore, the total
amount of MT introduced into the system
might have been higher than the amount of MT
introduced in Gomelsky's experiment. High
doses of an androgen can decrease masculin-
ization (Devlin and Nagahama, 2002). On the

other hand, our results concur with data of
Komen et al. (1993) who showed that MT
treatments to gynogenetic clones of common
carp resulted in a low percentage of males.
Apparently, the response to MT treatment is
highly dependent on the environmental and
genetic background of the fish. This is in
agreement with earlier observations of differ-
ences in MT responses between carp strains
(Nagy et al., 1981; Komen et al., 1989, 1993).

Comparison of the results of the Al treat-
ments in the two experiments shows that
58.6% males were obtained at 25°C (experi-
ment |) whereas almost complete masculin-
ization of the treated fry occurred at 28°C
(experiment II; Table 3). The impact of tem-
perature on sex differentiation has been
shown in tilapia (Baroiller et al., 1995) and at
least eight families of fish (reviewed by Devlin
and Nagahama, 2002). In carp, it was demon-
strated that estradiol secretion can range as
much as 20-fold in just a 5°C temperature
range (Manning and Kime, 1984). However,
the effect of temperature on sex determination
in carp has not yet been reported. The present
study seems to indicate the importance of
temperature in sex differentiation during the
labile period in common carp.

The fact that the Al treatment caused almost
full masculinization whereas the MT treatment
was much less successful may be due to the
timing of the treatment. It was suggested that
the gonads are sensitive to estrogen treatments
days before the period in which the gonads are

Table 3. Percentage of males after sex inversion with an aromatase inhibitor in the two exper-

iments.
Experiment Duration Temperature Initial Final Males
(days) (°C; range) weight weight (%)
9) (9)
| 40 25 4.0 23.0 58.6
(23.5-26.5)
1 36 27.2 35 14.5 97.0

(26-28.5)
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sensitive to androgen (Strissmann and
Nakamura, 2002; Ohtani et al.,, 2003). To
induce female differentiation in tilapia, for exam-
ple, estrogen treatment should start before day
7 post-hatching, whereas successful androgen
treatment starts only at day 15 and after (Kwon
et al., 2000). This difference in timing can
explain the low percentage of males resulting
from the MT treatments. Our data indicate that
Al treatment, combined with optimal tempera-
ture, during the sex determination period results
in the highest percentage of males.

Treatment with androgens such as MT
probably increases the androgen level in the
blood. But since MT can be converted to
estrogen by P450 aromatase, it may also
increase the estrogen level (Kwon et al,
2000). Treatment with Al does not introduce
exogenic steroids to the system. Rather, by
blocking the transformation of androgens into
estrogens, it increases the androgen/estrogen
ratio. Therefore, the efficacy of Al treatment to
induce male differentiation may be higher
than the efficacy of treatment with aromatiz-
able androgens such as MT.

In conclusion, the present findings demon-
strate the importance of aromatization during
the labile period in the common carp. Low aro-
matase activity during this period, regardless
of the genotype of the fry, resulted in mas-
culinization.
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