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Abstract 

In many species of aquaculture importance, all-female and sterile populations possess superior 
productivity due to faster growth and a relatively homogenous size of individuals. However, 
the production of all-female and sterile fish in a large scale for aquaculture is a challenge in 
practice, because treatments necessary for gynogenesis induction usually cause massive 
embryonic and larval mortality, and the number of induced gynogens is too small for their 
direct use in aquaculture. Here we report the massive production of all-female triploid crucian 
carp by combining artificial gynogenesis, sex reversal and diploid-tetraploid hybridization. 
Previously, we have obtained an allotetraploid carp population (4n = 200) by hybridization 
between red crucian carp (Carassius auratus red var; ♀) and common carp (Cyprinus carpio; ♂). 
We induced all-female diploid gynogens of the Japanese crucian carp (Carassius cuvieri; 2n = 
100). We also generated male diploid gynogens of the same species treated gynogenetic fry 
with 17-α-methyltestosterone, leading to the production of sex-revered gynogenetic males. 
Finally, these males were used to cross with the female diploid Japanese crucian carp gynogens 
and the allotetraploid females, resulting in the production of fertile all-female diploid Japanese 
crucian carp (2n=100)  and sterile all-female triploid hybrids (3n = 150), respectively. 
Therefore, diploid crucian carp gynogenetic females and sex-reversed male together with an 
allotetraploid line provide an opportunity to produce all-female triploid populations in a large 
scale to meet demands in aquaculture industry. 

Key words: gynogenesis, sex reversal, all-female diploid, all-female triploid, Stem cell, fish breed-
ing. 

Introduction 

In many species of cultured finfish, females ex-
hibit higher growth rates than males and attain larger 
sizes, and males mature and slow down growth be-
fore reaching a marketable size. Differences in growth 
rate and timing of sex maturation result in a mixed 
population of individuals showing considerable vari-
ations in sizes and consequently an overall reduction 
in production. Therefore, there is an increasing inter-

est in generating all-female brood stocks for 
cost-efficient aquaculture [1]. Gynogenesis is an im-
portant breeding method in fish and has been widely 
applied to improve the genetic characteristics of var-
ious fish species [2, 3]. Gynogenesis is all-female de-
velopment without genetic contribution of sperm. 
Gynogenesis occurs frequently in natural populations 
of various lower vertebrates [4-7]. Gynogenesis can also 
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be artificially induced by inseminating eggs with ge-
netically inactivated sperm, followed by the suppres-
sion of second polar body extrusion and first cleavage, 
leading to meiotic and mitotic diploid gynogenesis, 
respectively. The resultant diploid gynogenetic fish 
have the ability to grow to the adulthood and mature 
for reproduction. Diploid gynogens show either uni-
sexuality or bisexuality depending on the genetic de-
termination system. In fish, there is a diverse array of 
sex determination systems including the XX/XY fe-
male homogamy/male heterogamy and the ZZ/ZW 
male homogamy/female heterogamy [8, 9, 10]. In fe-
male-homogametic species such as the crucian carp, 
gynogenesis - either natural or artificial - usually 
produces all-female populations [11, 12, 13]. Therefore, 
artificial gynogenesis is a useful tool for all-female 
broodstock production in otherwise bisexually re-
producing fish species. 

 Natural gynogenesis involves the participation 
of both normal sperm and eggs, and embryogenesis in 
the absence of genetic contribution of sperm occurs 
normally, leading to an efficiency way for progeny 
production comparable to bisexual reproduction. Ar-
tificial gynogenesis, however, faces one major chal-
lenge for direct use in brood production.  To induced 
artificial gynogenesis, eggs are subject to pulse treat-
ments at a critical stage to prevent second polar body 
extrusion in meiosis II or first cleavage. These treat-
ments are usually physical shocks, namely thermal 
(cold or heat) shocks [14-18] and pressure shocks [19, 20]. 
These shocks cause damages to eggs and thus affect 
embryonic and larval development, leading to mas-
sive lethality, limiting the usefulness of artificial gy-
nogenesis for large-scale production in aquaculture.  

Another approach that has widely been used for 
direct induction of all-female fish is sex reversal by the 
hormonal treatment [1, 21, 22]. This approach has a sim-
ilar problem as mentioned for artificial gynogenesis, 
as there are several factors that may limit its direct use 
for large-scale production. Hormonal treatment does 
not guarantee a 100% efficiency of sex reversal for 
female production, and fry can be used only once, 
making this approach costly and time consuming [23]. 
In addition, there is a concern from the market on any 
side-effect of a hormone-treated food product.  

The combination of artificial gynogenesis and 
sex-reversal with crossing between normal female fish 
and genetically female but sex-reversed male fish has 
attracted considerable attention for the reproducible 
production of all-female fish to meet the requirement 
for massive production of all-female fish in aquacul-
ture [24-27]. However, there has been no report on the 
successful establishment of all-female crucian carp 
production by combining gynogenesis and sex re-

versal. 
In our previous study, a population of fertile AT 

was obtained by crossing red crucian carp (Carassius 

auratus red var, ♀)  common carp (Cyprinus carpio, ♂) 

[28]. So far, this population has propagated 16 genera-
tions (F3-F18) [29]. Triploid crucian carp we call 3nCC 
(3n=150) were then produced by mating AT (♂) with 
JCC (Carassius cuvieri, ♀), which combined sterility 
and obvious hybrid vigor or heterosis in aquaculture. 
Now more than 400 million 3nCC are annually pro-
duced for aquaculture in China [28, 30]. We have also 
taken one additional step to improve the 3nCC 
productivity by generating superior Japanese crucian 
carp individuals as the parental strain of hybridiza-
tion. To this end, we made use of induced gynogene-
sis and obtained diploid JCC gynogens that are supe-
rior in disease resistance, hypoxia tolerability and 
adaptability [31]. However, the number of superior JCC 
gynogens was small and unable to satisfy the request 
in aquaculture. 

In this study, a large population of 2nFCC was 
obtained by crossing the RGJCC (♂) with the GJCC 
(♀). Furthermore, a new all-female triploid crucian 
carp named 3nFCC was generated by hybridizing the 
RGJCC (♂) with AT (♀). There have been few reports 
of all-female triploid fish [32]. Previously, to form 
triploid fish, it was necessary to artificially suppress 
the second meiotic division in the ovum after fertili-
zation, which could not make sure to producing 100% 
triploid progeny. In trout, Daniel Chourrout induced 
a tetraploid line by heat shock and used it to produce 
triploids for production in France [14], but as men-
tioned above, tetraploidy induced by heat shock was 
always associated with high mortality rates, limiting 
the large-scale production of triploids. By contrast, the 
present study produced the all-female triploid hy-

brids by crossing RGJCC (♂)  with AT (♀).  This 

method allows for the production of all-female trip-
loids on a large scale. It is the first report for the es-
tablishment of an all-female triploid by the combina-
tion of gynogenesis, sex reversal and interspecific 
mating.  

The formation of all-female diploid and triploid 
crucian carp provides the excellent platform to inves-
tigate the sex differentiation of the primordial germ 
cells (PGCs) [33]. In this aspect, we clearly know the 
PGCs of all-female diploid and triploid crucian carp 
will finally develop into oogonia and mature ova [34]. 
So we can observe how the PGCs of the female dip-
loid and triploid undergo the sex differentiation.  

On the other hand, the formation of all-female 
diploid and triploid crucian carp also provides the 
excellent platform to perform the nuclear transfer. We 
can transfer the nucleus of the blastula from the 
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all-diploid or triploid crucian carp into the fertilized 
egg whose nucleus is moved out. So, in theory, the 
"nuclear-transferred" egg will develop into the female 
diploid or triploid individual [35, 36, 37]. If we get all 
female diploid or triploid individuals, we can con-
clude that the "nuclear-transferred" experiments are 
successful. 

After the formation of all-female diploid and 
triploid crucian carp, we can also use them to study 
the signal path of some sex correlation genes, espe-
cially the important sex determining genes of female 
in crucian carp. First, establish all-female PGC lines in 
vitro [38, 39, 40]. Then, we can knock out the target gene 
in the cell line and transfer the nucleus of the 
all-female PGC to the zygote whose nucleus is moved 
out and observe the affects of the target gene [41, 42]. If 
the target gene plays an important role in the female 
sex determination, the changes in the offspring of the 
"nuclear-transferred" eggs may be easily observed 
and analyzed since there is no interference of the male 
sex determining genes in the all-female crucian carp. 

Thus, the formation of all-female diploid and 
triploid crucian carp provides good experimental 
material for fish stem cell and nuclear transfer re-
searches. 

Material and methods 

All samples, including JCC, GJCC, RGJCC, 
2nFCC, 3nFCC, 3nCC, AT, and Blunt snout bream 
(Megalobrama amblycephala, abbreviated as BSB) were 
collected from the Engineering Center of Polyploid 
Fish Breeding of the Education Ministry, China, lo-
cated at Hunan Normal University. Animal handling 
and experimentation followed the Interdisciplinary 
Principles and Guidelines for the Use of Animals in Re-
search, Testing, and Education of the New York Acad-
emy of Sciences, USA. 

Production of GJCC and RGJCC 

Spawning female JCC and male BSB were used 
for artificial propagation [31]. For artificial gynogene-
sis, the semen of BSB was stripped, diluted with 
Hank’s solution (1:4), poured into a glass dish on ice 
and exposed to UV irradiation at 2mW/cm2. The 
spermatozoa suspension was continuously stirred by 
rocking during the irradiation. Total UV dosages ad-
ministered were 3600 mJ/cm2, which corresponded to 
an irradiation duration of 30 min. Ova stripped from 
JCC were then inseminated with the irradiated 
sperms. Two minutes later, the inseminated eggs were 
subjected to a cold shock at 0–4°C for 40 min to pre-
vent second polar body extrusion. The eggs were then 
incubated at 18–20°C in fresh water. Approximately 
1000 fry at day 2 post hatching were treated with 

17-α-methyltestosterone (MT) through oral admin-
istration of diet at a dose of 100ug/g for 60 days. 
Control fry were fed with the normal diet without 
MT. 

Gonadal histology 

After growth for 4 months, 10 MT-treated GJCC 
fish were randomly sampled to detect sex reversal by 
histological sectioning. Briefly, the gonads was fixed 
in Bouin’s solution, embedded in paraffin, sectioned 
and stained with hematoxylin and eosin. Gonadal 
structures were observed and photographed with a 
Pixera Pro 600ES. The gonad was staged according to 
the Liu’s standard series of cyprinid fish [2]. In the 
second spawning season, 30 RGJCC were striped to 
monitor for semen production. The semen was col-
lected with a clean sucker and prefixed in 2.5% glu-
taraldehyde solution for monitoring morphology. The 
samples were centrifuged at 2000 rpm/min for 1 min 
on an Eppendorf centrifuge 5804R, fixed in 4% glu-
taraldehyde solution overnight, and refixed in 1% 
osmic acid solution for 2 hours. The samples were 
dehydrated in ethanol, dropped onto slides, desic-
cated, and subjected to atomized gilding before ob-
servation on an X-650 (HITACHI) SEM scanning 
electron microscope. 

Observation of gonadal structure of 2nFCC and 
3nFCC was similarly performed, except for that 20 
2nFCC and 20 3nFCC fish were used at the age of 7 
months. 

Production of 2nFCC and 3nFCC 

 At spawning seasons, 30 RGJCC males, 30 GJCC 
males and 30 AT females were used for the produc-
tion of 2nFCC and 3nFCC. Fifteen RGJCC males were 
used to mate with the 30 GJCC females and the other 
15 RGJCC males with the 30 AT females. JCC and 
3nCC were also produced at the same time as control 
groups. To check the fertility rate, 10 duplicates of 
about 600 fertilized eggs in each cross were placed in a 
glass dish. The eggs were reared in well water at 20℃. 
The average fertility rate (number of gastrula/total 
number of eggs × 100%) and hatching rate (number of 
hatchlings /total number of eggs × 100%) were 
counted. For both fertility rate and hatching rate, a 
t-test was used to analyze the covariance of the data 
between 2nFCC and JCC, 3nFCC and 3nCC. The 
hatched fry were grown in ponds. 

Examination of ploidy levels  

To determine ploidy levels, chromosome prepa-
rations were obtained from peripheral blood cell cul-
tures of 7-month-old fish. Briefly, 0.2 ml of blood 
sample was collected by using a syringe soaked with 
0.1% sodium heparin, cultured in nutrient solution at 
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25.5°C and 5% CO2 for 68-72 hours, and colchicine 
was added 3.5 h before harvest. Cells were harvested 
by centrifugation, followed by hypotonic treatment 
with 0.075 m KCl at 26°C for 25-30 min, followed by 
fixation in 3:1 methanol–acetic acid with three 
changes. Cells were dropped on cold slides, air-dried 
and stained for 30 min in 4% Giemsa solution. Chro-
mosomes were examined under a microscope. For 
each type of fish, 100 metaphases (10 metaphase each 
sample) of chromosomes were analyzed.  

Results 

Chromosomes of GJCC, RGJCC, 2nFCC, and 
3nFCC 

Chromosomes were counted in 10 metaphases in 
each sample of GJCC, RGJCC, 2nFCC, and 3nFCC 
(Table 1). Chromosome number ranged from 95 to 100 
(accounting to 97~98%) in GJCC (Fig. 1a), RGJCC (Fig. 
1b) and 2nFCC (Fig. 1c), indicating that they were 
diploid (2n=100). As expected, 3nFCC was triploid (3n 
= 150), as evidenced by a predominate proportion 
(94%) of metaphases of 145 to 150 chromosomes (Fig. 
1d). 

 

Table 1 Distribution of chromosome numbers in mitotic metaphase 

fish type number of sam-
ple 

number of 
spreads 

Distribution of chromosome numbers 

    <95 95-99 100 >100 

GJCC 10 100 1 9 88 2 

RGJCC 10 100 1 9 88 2 

2nFCC 10 100 1 10 87 1 

— — — <145 145-149 150 >150 

3nFCC 10 100 3 10 85 2 

 

 
 

 

Fig. 1 Metaphase. (a) Gynogenetic Japanese crucian carp (GJCC) showing 2n =100. (b) Sex-reversed gynogenetic Japanese 

crucian carp (RGJCC) showing 2n = 100, (c) All-female diploid Japanese crucian carp (2nFCC) showing 2n = 100. (d) 

All-female triploid crucian carp (3nFCC) showing 3n = 150. 
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Efficiency of sex reversal 

 After MT treatment, GJCC developed two types 
of gonadal structure (Fig. 2 a, b). Of the 10 fish ob-
served, 9 exhibited complete sex reversal to functional 
males, as evidenced by a clear testicular structure on 
sections, and 1 was incompletely sex reversed, as ev-
idenced by an ovotesticular structure. This observa-
tion indicates a high 90% efficiency of MT-induced 

female-to-male sex reversal in GJCC. Concurrently, 
white semen could be stripped out from 93.3% of the 
MT-treated GJCC fish. Sperms from these 
sex-reversed GJCC, namely RGJCC males, were nor-
mal in morphology, as they had a well-developed 
head and tail under the scanning electron microscope 
(Fig. 2 c, d). 

 
 

 

Fig. 2 Structures of gonads and sperm of Sex-reversed gynogenetic Japanese crucian carp. (a) Testis structure of RGJCC, 

the black arrow shows abundant mature sperm in seminiferous tubules. (b) Testis and ovary structure of RGJCC, the black 

arrow shows sperm, the white arrow shows the primary oocyte. (c) The structure of sperm of RGJCC under the scanning 

electron microscope, bar=2um. (d) Structure of the sperm of RGJCC under the scanning electron microscope, bar=0.5um. 

 

Fertility rate and hatch rate  

The average fertility rate and hatching rate of 
2nFCC were 90.6% and 83.9%, respectively (Table 2). 
There were no differences between 2nFCC and the 
control JCC (p>0.05). 3nFCC showed the same char-
acteristics. These results demonstrate that RGJCC can 
produce functional sperm. 

 

Table 2 Fertility and hatching rates  

 JCC 2nFCC 3nCC 3nFCC 

Fertility 
rate (%)  

91.2±
1.08 

90.6±1.04 86.5±1.41 85.4±1.33 

Hatch rate  
(%)  

85.3±
1.05 

83.9±1.02 81.7±1.26 80.8±1.55 

 

 

Gonadal development of 2nFCC and 3nFCC 

At the age of seven months, the gonadal struc-
tures of 20 randomly selected 2nFCC and 20 3nFCC 
were observed by histological sections. As shown in 
Fig. 3a, the ovaries of 2nFCC were in stage IV and the 
oocytes were rich in yolk materials. In addition, dur-
ing the reproduction season, green ova were able to be 
stripped from 2nFCC. These results indicated that the 
2nFCC were fertile. Interestingly, only one type of 
gonadal structure was observed in 20 samples of 
7-month-old 3nFCC. All the gonads were ovary-like 
gonads containing many oogonium-like cells and 
very few cells in II-stage (Fig. 3b), suggesting that 
3nFCC are sterile. 
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Fig. 3 Ovarian development. (a) All-female diploid Japanese crucian carp (2nFCC). The histological section shows the 

oocytes at stages form II- IV. The labels depict primary oocytes at different stages. (b) All-female triploid crucian carp 

(3nFCC). The histological section shows the presence of very few oocytes of early stage. The label depicts a primary oocyte 

at stage II. 

 

 

Discussions 

The formation of a genetically inbred line of 
2nFCC 

 Gynogenesis is an important method in fish ge-
netic breeding. It is effective for obtaining genetically 
inbred fish lines. Most economic traits of fish are con-
trolled by multiple genes models.  More than ten 
generations are usually needed to gain an inbred line 
by conventional brother-sister crossing. A similar 
level of inbreeding can be achieved by a single gener-
ation of gynogenesis and sex reversal [9, 43]. Inbreeding 
may lead to the homozygosity of many loci and thus 
the elimination of many harmful recessive genes. 
Moreover, there are allogynogenetic effects that might 
lead to differences between the mother and progeny 
in appearance, growth rate and other characteristics 
[44-47]. For example, all-female GJCC directly from gy-
nogenesis already show certain improved traits [31]. 
However, only a few fry were obtained due to the low 
survival rate. To increase the survival rate and enlarge 
the gynogenesis population, the method of sex re-
verse was employed in this study. In homogametic 
female fish, all-female progenies could be obtained on 
a large scale by mating normal females (XX) or gyno-
genetic individuals (XX) with sex reversal males (XX). 
The production of functional sex reversal males 

played an important role in the formation of 
all-female fish. 

The dietary treatment and immersion were the 
most acceptable methods for administering steroids 
and 17-α-methyltestosterone was the most preferred 
hormone for induction of masculinization [23, 48]. The 
dose of sex hormones and the timing and duration of 
the administration are important factors in achieving 
sex-reversed fish [1, 48]. In this study, the GJCC fry were 
treated with MT two days after hatching. Histological 
sections, semen structures under the scanning elec-
tron microscope, and crossing experiments proved 
that the RGJCC were functional males. Intersexual 
individuals were observed in RGJCC, which is con-

sistent with the regular observation of incomplete sex 

transformations during steroid treatments in fish [8]
. The 

high reversal rate of 93.3% indicated that this method 
was effective in inducing sex reversal of Japanese 
crucian carp. 

By the combination of gynogenesis and sex re-
versal, a large number of fertile 2nFCC can be ob-
tained by crossing the GJCC or 2nFCC with RGJCC. 
RGJCC can also be obtained simply by feeding 2nFCC 
fry with MT-containing diet. The generation of 
RGJCC enables the cycled production of 2nFCC in a 
large scale (Fig. 4). The formation of a consecutive line 
of diploid 2nFCC produced a population that will be 
useful for genetic improvement of JCC.  
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Fig. 4 The origins of each kind of crucian carp 

 
 

Formation of a new type of all-female triploid 

population 

With the diploid gametes stably generated by 
AT, several kinds of sterile triploid crucian carp 
(3nCC) were produced by mating males of allotetra-
ploids with females of diploid crucian carp. These 
triploids had some enhanced performances such as 
sterility, fast growth rate, good flesh quality, and 
strong stress resistance, and they were widely cul-
tured in China [30]. Our previous studies found that 
there were three types of gonadal structure in 3nCC, 
ovary-like gonads, testis-like gonads, and fat-like 
gonads, and the 3nCC with ovary-like gonad grew 
faster than those with testis-like gonads [49]. Thus, it is 
necessary to produce the all females triploid so as to 
increase the yield. In this study, 3nFCC were obtained 
on a large scale by crossing RJGCC with female AT 
(Fig. 4). The gonadal histological sections of all 20 
seven-month-old 3nFCC were ovary-like gonads. As 
shown in Fig. 3b the ovary-like gonads of 3nFCC 
contained many oogonium-like cells and very few 
cells in II-stage, while ovaries of the fertile 2nFCC 
were full of stage IV oocytes (Fig.3a), which is similar 
to our previously reported sterile 3nCC. This indi-
cated that 3nFCC were sterile. There have been few 
reports on the formation of all-female triploids [32]. 
However, in these studies, physical or chemical 
treatments were used to suppress the elimination of 
the second polar body. Incompletely polyploidization, 
complicated methodology and high costs limited the 
large-scale production of all-female triploid with the-
se methods. Our study provided a new way for pro-
ducing all-female triploids.  

Biology significance of the formation of the two 
kinds of all-female crucian carp 

 All-female fish, as a monosex population, pro-
vide good material for research on the reproductive 
physiology of fish. The formation of 2nFCC lays the 
foundation for the breeding of improved JCC. RGJCC 
is a good example for the study of early gonad de-
velopment of crucian carp and the production of 
3nFCC opens a new method for all-female produc-
tion. 

 In terms of food safety, the production of 
all-female fish by a combination of gynogenesis and 
sex reversal is preferred as there is no need to treat 
any reared fish with a hormone, especially as hor-
monally treated fish are not intended for human 
consumption. Ecologically, the number of reared fish 
will not rise as 2nFCC cannot breed by self-mating, 
and 3nFCC cannot propagate due to its sterility and 
thus will not abolish genetic resource. 
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JCC: Japanese crucian carp; GJCC: Gynogenetic 
Japanese crucian carp; RGJCC: Sex-reversed gynoge-
netic Japanese crucian carp; AT: Allotetraploid hy-
brid; 2nFCC: All-female diploid Japanese crucian 
carp; 3nFCC: All-female triploid crucian carp; 3nCC: 
Triploid crucian carp; BSB: Blunt snout bream. 
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