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Due to sexual dimorphism in the growth of certain cultured fish species, the production of monosex
fishes is desirable for the aquaculture industry. Nowadays, the most widely practiced technique available
for the mass production of monosex fish populations is sex steroid-induced sex reversal. Here, a novel
strategy for the successful production of all-female (AF) common carp (Cyprinus carpio L.), to take advan-
tage of the sexual dimorphism in growth documented in this species, has been developed using genetic
engineering via single gene-targeting manipulation without any exogenous hormone treatments. Male
and female heterozygous cyp17a1-deficient common carp were first obtained using the clustered regu-
larly interspaced short palindromic repeats/CRISPR-associated endonuclease 9 (CRISPR/Cas9) technique.
An all-male phenotype for homozygous cyp17a1-deficient carp, regardless of the individuals’ sex-
determination genotypes (XY or XX), has been observed. A male-specific DNA marker newly identified
in our laboratory was used to screen the neomale carp population with the XX genotype from the
cyp17a1-deficient carp. These neomale carp develop a normal testis structure with normal spermatoge-
nesis and sperm capacity. The neomale common carp were then mated with wild-type (WT) females
(cyp17a1+/+ XX genotype) using artificial fertilization. All the AF offspring sample fish from the
neomale-WT female mating were confirmed as having the cyp17a1+/� XX genotype, and normal develop-
ment of gonads to ovaries was observed in 100.00% of this group at eight months post-fertilization (mpf).
A total of 1000 carp fingerlings, 500 from the WT male and female and 500 from the neomale and WT
female mating, were mixed and reared in the same pond. The average body weight of cyp17a1+/� XX
females was higher by 6.60% (8 mpf) and 32.66% (12 mpf) than that of the control common carp. Our
study demonstrates the first successful production of a monosex teleost population with the advantages
of sexual dimorphism in growth using genetic manipulation targeting a single locus.

� 2021 THE AUTHORS. Published by Elsevier LTD on behalf of Chinese Academy of Engineering and
Higher Education Press Limited Company. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The aquaculture industry has shown the most rapid growth in
food production in the past several years [1]. Monosex fish produc-
tion is desirable in aquaculture, as some fish species exhibit sexual
dimorphism in growth, with one sex growing faster than the other.
Fish also exhibit a large variety of mechanisms of sex determina-
tion, including genetic sex determination (GSD) and environmental
sex determination. However, sex determination in fishes is gener-
ally more plastic than that of most mammals. This phenomenon
has been well demonstrated in a variety of fishes, in which pheno-
typic sex differentiation can be reversed by the administration of
exogenous sex steroid hormones during sex differentiation, chang-
ing the phenotypic sex of individuals from their genotypic sex
(such as neomale or neofemale fish). For example, it has been
extensively reported that sex in fish can be reversed by the
administration of exogenous estrogen (estradiol), androgen
(testosterone), or inhibitors of aromatase or the androgen receptor
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[2–6]. Thus, the hormonal induction of sex reversal is one of the
most widely practiced techniques for the mass production of
monosex or sterile fish populations in the fishery industry. How-
ever, the production and maintenance of hormone-induced sexual
reversal is unstable and laborious, with a relatively long husbandry
period [6]. In addition, there have been increasing concerns related
to human health and environmental consequences due to the
endocrine-disruption effects of hormone-related chemicals used
in the fish farming production system [7]. Several studies have
reported that the use of temperature and photoperiod with sex
labile induction may serve as an alternative to regulate teleost
sex. However, only a sex-biased population could be achieved with
these manipulations [8,9]. Therefore, it is imperative to develop
methods of sex reversal that utilize genetic engineering to obtain
monosex or sterile fish populations.

The common carp (Cyprinus carpio L.) is the third most culti-
vated freshwater species and is widely cultivated worldwide for
its growth traits and high economic value. It has been reported that
the common carp exhibits XX/XY-type GSD. The growth of the
common carp is sexually dimorphic, with the growth rate of
females being at least 10% greater than that of males, especially
after the juvenile stage [10,11]. Previous attempts to generate
all-female (AF) populations were made in this institute by Wu
et al. [12], who found that the offspring produced by gynogenesis
with the XX genotype could be transformed into neomales after
treatment with 17a-methyltestosterone. More importantly, the
neomales, which are male in phenotype but XX in genotype, could
produce AF offspring after artificial fecundation with wild-type
(WT) females. In addition to the use of 17a-methyltestosterone,
it has been extensively reported that sex control of the common
carp can be reversed by the administration of the aromatase inhi-
bitor letrozole and the estrogen receptor modulator tamoxifen [6].

Several sex-determination genes have been identified in fish
species, including dmY [13], gsdfY [14], sox3Y [15], amhy [16,17],
amhr2 [18], gdf6Y [19], dmrt1 [20,21], and sdY [22]. Consideration
of these potential sex-linked markers and sex-determination genes
is essential in the investigation of sex-determination mechanisms.
However, the genes involved in sex determination in the common
carp, which is an excellent model for sex-differentiation investiga-
tion for teleosts, have not been reported. Medaka is another well-
known freshwater fish model with an XX/XY GSD system [23].
Cyp17a1, a member of the cytochrome P450 enzyme family, has
been previously reported as a key enzyme in the synthesis of 17-
hydroxyprogesterone, a precursor of testosterone and estradiol.
Utilizing a natural scl mutant medaka strain containing a loss-of-
function mutation in the P450c17 gene, it has been demonstrated
that the loss of this gene results in the loss of secondary sexual
characteristics (SSCs) in both scl mutant males (XY) and females
(XX), but unimpaired spermatozoa development in scl mutant
males (XY). Intriguingly, in the gonads of XX scl mutant medaka,
spermatozoa and oocytes were seen at the diplotene stage (six
months post-fertilization (mpf)) [24]. Recently, we generated
cyp17a1-deficient zebrafish. An all-male phenotype capable of nor-
mal spermatogenesis and sperm was observed in the cyp17a1-
deficient zebrafish. However, impaired male-typical SSCs and mat-
ing behavior have also been recorded [2,25,26]. Combined with the
observation in the scl medaka, these results confirm that sex ster-
oids are indispensable for male-typical SSCs and mating behaviors
[2,24,26]. Loss of the GSD system in a laboratory zebrafish model
has been previously reported [27]. Therefore, it is interesting to
know whether a similar phenotype as that seen in cyp17a1-
deficient zebrafish, such as all-male homozygotes, which includes
the potential neomale population, could be achieved in cyp17a1-
deficient common carp with the reported GSD system.

In our present study, we aimed to generate AF common carp by
using cyp17a1 knockout to generate neomale fish and subse-
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quently performing artificial fecundation between control female
fish and neomale fish. First, similar phenotypes to those observed
among the cyp17a1-deficient zebrafish in terms of sex differentia-
tion and sex characteristics—that is, all-male homozygotes without
the male-typical SSCs—were also observed in the cyp17a1-deficient
common carp. Second, the cyp17a1�/� XX genotype common carp
(termed neomales), which developed as physiological males with
normally developed testis structure, spermatogenesis, and sperm
capacity, were mated with WT females (cyp17a1+/+ XX). Third,
the offspring fish produced from the artificial matings were exam-
ined for male-specific markers and subjected to histological analy-
sis. As expected, the AF group offspring fish were all confirmed to
be female with cyp17a1+/� XX genotype and developed as females
with normally developed oocytes (100.00%, n = 81). Finally, a
growth comparison was performed between 1000 fish from the
AF and WT groups mixed at a 1:1 ratio and cultured in the same
pond. Sex dimorphism in somatic growth was observed as early
as 8 mpf, and the average body weight of the AF group fish was
6.60% higher than that of the WT control group. In summary, our
study demonstrates the first successful production of an AF com-
mon carp population in the aquaculture industry without steroid
hormone contaminants in the aquatic environment.

2. Materials and methods

2.1. Animals

The Yellow River carp used for all experiments in this study
were purchased from a fish farm in Zhengzhou, Henan Province,
China. All fish were reared and all experiments were conducted
in accordance with the Guiding Principles for the Care and Use of
Laboratory Animals and were approved by the Institute of Hydro-
biology, Chinese Academy of Sciences (Section S1 in Appendix A).

2.2. Cyp17a1 knockout

The clustered regularly interspaced short palindromic repeats/
CRISPR-associated endonuclease 9 (CRISPR/Cas9) strategy was uti-
lized for the cyp17a1 knockout. The guide RNAs (gRNAs) targeting
the two sequences of the first exon of cyp17a1 in common carp are
as follows: GGCATGAACAGAAAAGCCA and GGGAGTGATGG-
GAGGCTTGG. gRNAs for the two target sites were transcribed
and injected into embryos with Cas9 recombination protein and
buffer (Section S2 in Appendix A).

2.3. Male-specific marker identification

The male-specific marker was identified based on DNA
sequencing, de novo genome assembly, reads mapping, and male-
specific sequencing filtering, as previously described [28] (Sec-
tion S3 in Appendix A).

2.4. Genotype examination

For genotype examination, genomic DNA was used as the tem-
plate in this study. The primers used for the genotype identification
of cyp17a1 are listed in Table 1, and procedures for DNA extraction
are detailed in Section S4 in Appendix A.

2.5. Testis testosterone measurement

The concentration of testosterone in testis was measured, as
previously described [2] (Section S5 in Appendix A). In brief, after
sample preparation, the enzyme-linked immunosorbent assay
(ELISA) buffer, wash buffer, ELISA standard, testosterone AChE



Table 1
Primers used in this study.

Assay and target gene Primer direction and sequence (50–30) Product size (bp)

Genotype identification (genomic DNA used as the template)
cyp17a1-1 F: CCGATGACACTTAGATAGTTG 717

R: CATGTTGGCTGCAGTGATACTC
Male-specific marker F: GAGCATCCACTGTCAACTT 1209

R: ACTCTTCCCAAACACTGATT

cyp17a1 validation (cDNA used as the template)
cyp17a1-2 F: GAAGAGCTGGAGAACACTTG 924

R: CCAACATCATGAGTGCTGGTG

qPCR
igf3 F: GGCTTGTGTTTCTGAGGCAA 167

R: TGTGTCAGTGGAAGGATGCTGT
insl3 F: CCTGATTCAGACCTTCACTTCGC 181

R: GCTCTGCTGGTGGGCTTATGTG
b-actin F: GCTATGTGGCTCTTGACTTCGA 85

R: CCGTCAGGCAGCTCATAGCT

F: forward primer; R: reverse primer; bp: basepair; qPCR: quantitative real-time polymerase chain reaction; cDNA: complementary DNA.
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tracer, and testosterone ELISA antiserum were prepared. The plate
was set up according to the instructions. The plate was read at a
wavelength between 405 and 420 nm, and a Cayman computer
spreadsheet was used for data analysis.

2.6. Histological analyses

Anatomical examination and histological analysis (hematoxylin
and eosin staining) were performed on the gonads of cyp17a1+/+ XY
fish, cyp17a1�/� XY fish, cyp17a1+/+ XX fish, and cyp17a1�/� XX fish.
The sectioning and staining procedures were performed as previ-
ously described [29] (Section S6 in Appendix A). Scale bars are pro-
vided in each image.

2.7. RNA extraction and complementary DNA (cDNA) synthesis

RNA extraction and cDNA synthesis were performed as previ-
ously described [2] (Section S7 in Appendix A). The cDNA was uti-
lized for the genotype identification of cyp17a1 and quantitative
real-time polymerase chain reaction (qPCR) of igf3 (insulin-like
growth factor 3) and insl3 (insulin-like 3). The primers used for
cyp17a1 genotype confirmation with cDNA as the template are
listed in Table 1.

2.8. Quantitative real-time polymerase chain reaction (PCR)

A Bio-Rad real-time system (Bio-Rad Systems, USA) was used
according to the manufacturers’ instructions (Section S8 in Appen-
dix A). The primers used for the qPCR of igf3, insl3, and b-actin are
listed in Table 1.

2.9. Scanning electron microscope

Sperm morphology was performed with a scanning electron
microscope (SEM) according to the detailed description provided
in Section S9 in Appendix A.

2.10. Statistical analysis

Data were analyzed using GraphPad Prism 8 software (Graph-
Pad software, USA). All results are presented as means ± standard
deviation (SD). Differences were assessed using Student’s t-test.
For all statistical comparisons, results were considered statistically
significant at P < 0.05.
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3. Results

3.1. Identification of the male-specific DNA marker of common carp

One of the candidate male-specific sequences containing
1209 basepairs (bp) was obtained based on comparative analyses
between the female and male assembled genomes of the common
carp. This DNA fragment was subjected to male-specificity valida-
tion with PCR assays with DNA samples of the common carp from
homogeneous and non-homogeneous populations from various
sources (Section S10 in Appendix A). The assessment with 1% agar-
ose gel electrophoresis of the male specificity of the amplified PCR
products perfectly matched DNA samples with the gender patterns
of the common carp (Fig. S1 in Appendix A). The primers used for
the genotype identification of this male-specific marker in our pre-
sent study are listed in Table 1. The male specificity of the PCR
products was validated with our anatomical analyses with more
than 100 common carp samples from homogeneous and non-
homogeneous populations from common carp samples collected
from various cultured regions. The specific PCR product amplified
from male common carp samples was identical and consistent
based on our Sanger sequencing results. However, this confirmed
male-specific DNA sequence has not yet been matched with any
common carp genomic DNA sequence submitted in GenBank pre-
viously. No significant potential coding region has been identified
within this male-specific DNA fragment either.

3.2. Generation of cyp17a1-deficient common carp

The putative cyp17a1mRNA sequence is 1533 bp long, encoding
510 amino acids. Utilizing the CRISPR/Cas9 strategy, F0 cyp17a1
knockout fish with the mutation in two target sites were generated
by the microinjection of Cas9 protein and cyp17a1 gRNAs
(Fig. 1(a)). Eleven F0 male fish with effective cyp17a1 mutation at
one year post-fertilization (ypf) were hybridized with WT females.
In the F1 population, offspring derived from WT females and F0
males (marked with electric marker number 700497) were
obtained and examined; 3 bp insertions were noted in the first tar-
get site of cyp17a1 and 14 bp deletions were noted at the second
target site (Fig. 1(b)). The F1 cyp17a1 heterozygotes at 1 ypf were
incrossed, and the cyp17a1 homozygote from the F2 population
was obtained. Polyacrylamide gel electrophoresis (PAGE) of the
cyp17a1 target PCR and imaging after ethidium bromide staining
were used for the examination of the cyp17a1 mutation status,
as the heterologous chain in the cyp17a1 PCR product of the



Fig. 1. Knockout of cyp17a1 in common carp. (a) The cyp17a1 sequence from the genomic DNA of common carp. The primers for screening were designed according to the
sequence that has been underlined and shown in bold. The protospacer adjacent motif region (NGG) sequences are highlighted in blue, and the designed target sites are
highlighted in yellow. The start codon ATG of cyp17a1 is shown in red font. (b) Schematic representation of control cyp17a1 and cyp17a1 mutant alleles. The mutations in the
cyp17a1 at the first and the second target sequences are shown in red font. (c) Genomic DNA was used for PCR assay, and the PCR products from DNA of fish were genotyped
using PAGE. The PCR products from DNA of cyp17a1+/� fish could be identified in the 1st PAGE, and the PCR products from DNA of cyp17a1+/+ fish and cyp17a1�/� fish (marked
with blue arrows in the 1st PAGE) could be identified after mixing with the cyp17a1 PCR products of the DNA of WT fish during the 2nd PAGE (marked with green arrows in
the 2nd PAGE). (d) Schematic representation of the putative peptides of control and mutant Cyp17a1. The truncated protein contains 8 amino acids (shown in green) that are
identical to those of the control Cyp17a1 protein and 45 miscoding amino acids (shown in gray) sequenced and predicted from the cyp17a1 transcripts derived from the
cyp17a1 mutant fish. The premature stop codon TAA in the mutant line is shown in red font. AA: amino acids.
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heterozygote could be identified after denaturation and renatura-
tion. In contrast, a single band was observed in the cyp17a1 PCR
product of the cyp17a1+/+ fish and cyp17a1�/� fish, and the heterol-
ogous chain was observed after mixing withWT cyp17a1 PCR prod-
ucts in the second round of PCR (Fig. 1(c)). The PCR products
produced using the genome and cDNA as templates were both
used for mutation validation. The results demonstrated that the
mutant line only retained eight correct amino acids and, after 45
incorrect amino acids, premature stopping occurred (Fig. 1(d)).

3.3. All-male homozygotes with impaired gonadal steroidogenesis and
male-typical SSCs at 1 ypf resulted from cyp17a1 depletion

Figs. 2(a–d) displayed the aexamination of fish gonads. All-male
homozygotes of the cyp17a1�/� common carp at 6 mpf were also
observed at 1 ypf (Figs. 2(b) and (d)). The common carp exhibits
sexual dimorphism in somatic growth; females grow significantly
faster than males [10,11]. The body weights of the fish from the
F2 population corroborated the fact that female carp grow faster
than male carp in both cyp17a1+/+ fish and cyp17a1+/� fish
(Fig. 2(e)). However, the sexual dimorphism in somatic growth
was eliminated after cyp17a1 depletion, as the body weights of
the cyp17a1�/� XX fish were comparable to those of the cyp17a1�/�

XY fish (Fig. 2(e)). It was notable that the fish with the cyp17a1+/�

XX genotype showed a 32.66% greater body weight than that of the
control group (cyp17a1+/� XX fish: (750.6 ± 277.2) g vs cyp17a1+/+

fish: (565.8 ± 166.6) g). Meanwhile, statistical analyses of the num-
ber and ratio of the fish in each genotype were performed in the F2
population, including carp with the genotypes cyp17a1+/+,
cyp17a1+/�, and cyp17a1�/�. We found that the derivation ratio in
total matched the law of inheritance (Mendel’s law) (cyp17a1+/+

fish: 20.77%; cyp17a1+/� fish: 51.38%; and cyp17a1�/� fish:
27.85%) (Table 2).

Although the levels of testis testosterone significantly
decreased in cyp17a1�/� fish (Fig. 2(f)), the sperm morphology of
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the cyp17a1�/� XX fish and cyp17a1�/� XY fish did not differ from
that of the cyp17a1+/+ XY fish (Figs. 2(g–i)). Tubercles on the oper-
culum and pectoral fin have been reported as male-typical SSCs
[30]. When fish from the F2 population at 1 ypf were examined
(Fig. 3), tubercles on the operculum and pectoral fin were observed
in the control male fish (Fig. 3(a)) but not in the control female fish
(Fig. 3(c)) or cyp17a1�/� fish, regardless of the sex chromosome
pattern (Figs. 3(b) and (d)).

3.4. Generation of the AF common carp population

The sexual dimorphism in the somatic growth of the common
carp, which causes female carp to be more valuable than male, sug-
gests that the establishment of AF populations from the hybridiza-
tion between cyp17a1+/+ XX fish and cyp17a1�/� XX fish (neomale)
would make a significant contribution to yield improvement in
aquaculture. Identification of genotype and histological analysis
of gonadal differentiation of fish from AF population were shown
in Fig. 4. As expected, all offspring from the aforementioned par-
ents were identified as AF, as male-specific markers were not
observed in the AF populations at five days post-fertilization
(dpf) (100.00%, n = 84) (Fig. 4(a), rows 13–96). In addition, the
gonads of the AF populations derived from the hybridization
between cyp17a1+/+ XX fish and cyp17a1�/� XX fish (neomale) were
dissected and subjected to histological analysis at 8 mpf; all were
identified as having developed into ovaries (100.00%, n = 81)
(Figs. 4(c) and (d)).

3.5. Growth comparison between fish from the control and AF groups

A total of 500 fish from the AF group (cyp17a1+/� XX genotype)
were reared in the same pond with 500 fish from the control group
after hatching. At 8 mpf, the body weights of 56 male control fish
(Fig. 5(a)), 70 female control fish (Fig. 5(b)), and 92 fish from the AF
group (Fig. 5(c)) were randomly selected, sampled, and statistically



Fig. 2. Depletion of cyp17a1 resulted in all-male homozygous fish at 1 ypf. (a–d) Anatomical examination of fish gonads. (e) Body weight comparison of the fish with the
aforementioned genotypes. (f) Measurement of testis testosterone levels in the cyp17a1+/+ XY fish, cyp17a1�/� XY fish, and cyp17a1�/� XX fish. (g–i) Morphologic analysis of
spermatozoa. T: testosterone. The letters, a and b, in the bar chart (e) and (f) represent significant difference. n.s.: no significance; **: P < 0.01.

Table 2
Number and ratio of fish in each genotype identified in 2019 and 2020.

Year cyp17a1+/+ cyp17a1+/� cyp17a1�/� In sum

XX XY XX XY XX XY

2019 47 35 99 84 52 33 350
2020 28 25 78 73 39 57 300
Total 75 60 177 157 91 90 650
Ratio 11.54% 9.23% 27.23% 24.15% 14.00% 13.85% 100.00%
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analyzed. The body weights of the control males (cyp17a1+/+ XY)
and control females (cyp17a1+/+ XX) again perfectly reflected the
more rapid growth of female common carp over male carp at 8
mpf (control male: (1.348 ± 0.2428) kg vs control female: (1.459
± 0.2830) kg). Although the control group had an average body
weight of (1.410 ± 0.2705) kg per fish, the growth performance
of the fish from the AF group was significantly improved (1.503 ±
0.2127) kg (Fig. 5(d)).
Fig. 3. Gross appearance of tubercles on the operculum and pectoral fin.
(a) cyp17a1+/+ XY fish; (b) cyp17a1�/� XY fish; (c) cyp17a1+/+ XX fish;
(d) cyp17a1�/� XX fish. The white arrows indicate the operculum tubercles. The
black arrows indicate the pectoral fin tubercles.
4. Discussion

In the present study, cyp17a1 knockout was performed in com-
mon carp, and the developmental consequences with regard to sex-
ual traits were assessed at 5 mpf, 6 mpf, and 1 ypf. We failed to
confirm the male specificity of the two DNA fragments in common
carp reported previously [31,32]. Therefore, we had to carry out our
own comparative analyses between the female andmale assembled
common carp genomes. Our newly identified male-specific DNA
185
marker (Section S10 and Fig. S1 in Appendix A and Table 1) is a valu-
able tool to screen out neomale common carpwith the XX genotype
from the all-male cyp17a1-deficient carp. This ensures the selection



Fig. 5. Somatic growth comparison between fish of the AF and control groups at 8 mpf. (a–c) Representative images of the general appearance of the fish. (d) Body weight
comparison of fish was determined with 109 fish of control group and 81 fish of AF group. *: P < 0.05; **: P < 0.01.

Fig. 4. Identification of genotype and histological analysis of gonadal differentiation of fish from AF population. (a) Sex identification with male-specific marker. (b) The
identification of cyp17a1 served as control. The lane numbers 1, 24, 25, 48, 49, 72, 73, and 96 were marked on the agarose gel electrophoresis images. Lanes 1 to 12, PCR
products of male-specific marker with DNA of control fish. Lanes 13 to 96, PCR products of cyp17a1 with genomic DNA of fish from AF population. (c, d) The representative
image of the anatomical and histological examination of gonads of fish from AF population (cyp17a1+/� XX) at 8 mpf. Con: control.
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process of neomale carp (cyp17a�/� XX) for artificial fecundation
with WT female carp (cyp17a1+/+ XX), and efficiently generates an
AF carp population (Fig. 4). Combined with our previous work with
the zebrafish model, we demonstrated that the roles of sex steroids
186
in regulating gonad development and differentiation are similar in
the family Cyprinidae, regardless of the GSD background. We also
demonstrated that the average body weight of fish from the AF
group was significantly higher than that of fish from the control
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group at 8 mpf (Fig. 5). The successful production of an AF common
carp population using neomale cyp17a1-deficient fish suggests a
potential alternative to steroid hormone induction for the utiliza-
tion of sexual dimorphism in growth.

In the 1980s, Wu et al. [12] reported that gynogenesis and treat-
ment with 17a-methyltestosterone could be effectively used to
produce neomales. Subsequently, neomales, which are male in
phenotype but XX in genotype, were found to produce AF offspring
after the artificial fecundation of WT female fish. Recently, AF carp
populations obtained by crossing normal females with neomales
produced via gynogenesis and methyltestosterone treatment have
been reported [33,34]. In addition, it has been reported that sex
reversal of the common carp can be induced by the administration
of letrozole and tamoxifen [6]. To establish AF populations,
methyltestosterone and aromatase inhibitors (fadrozole or letro-
zole) have been widely used to generate neomales in several aqua-
culture species, including the gynogenetic yellow drum [35],
Atlantic halibut (Hippoglossus hippoglossus L.) [36], mandarin fish
(Siniperca chuatsi) [37], brook trout (Salvelinus fontinalis) [38], yel-
low catfish (Pelteobagrus fulvidraco) [39], and sablefish (Ano-
plopoma fimbria) [40].

In the present study, based on our previous studies on the zeb-
rafish model, a genome-editing approach was utilized to investi-
gate the mechanism by which sex steroids regulate gonad
development and differentiation in common carp, as well as the
potential application thereof in neomale generation. Through the
generation of neomale common carp produced by cyp17a1 deple-
tion, a novel sex-control technique for the generation of an AF pop-
ulation for aquaculture was established. In the past decades,
Chinese scientists have produced many monosex varieties in sev-
eral farmed fish. However, traditional methods for the production
of AF populations in the common carp are complicated by the gen-
eration of a substantial number of physiologically stable neomales,
which limits large-scale production. Moreover, steroid hormone-
related chemical residues and their endocrine-disruption effects
are of concern [7]. Compared with the traditional hormone induc-
tion method, it is easier to mass-produce physiologically stable
neomales from the offspring derived from the mating between
heterozygous individuals, without the need for any special treat-
ments. Furthermore, the significantly higher average body weight
of fish with the cyp17a1+/� XX genotype observed in two consecu-
tive field comparative trials demonstrates the effectiveness and
practicability of our technological scheme for mass AF production
and the exploitation of sexual dimorphism in the growth of com-
mon carp aquaculture (Figs. 2 and 5). Intriguingly, sexual dimor-
phism in growth was not observed among the cyp17a1�/� XY and
cyp17a1�/� XX fish (Fig. 2(e)). These results demonstrate that the
sexual dimorphism in common carp growth is based on sex
steroid-mediated ovarian differentiation.

Defective spermatogenesis has been observed in androgen
signaling-deficient zebrafish caused by the depletion of ar [41–
43], cyp11a2 [44], or cyp11c1 [45]. However, an all-male pheno-
type with unaffected testicular development and spermatogenesis,
but loss of male-typical SSCs, has been observed in adult cyp17a1-
deficient zebrafish and common carp, even with significantly
impaired steroidogenesis. We think that the presence of normally
developed testis with mature spermatozoa despite androgen
insufficiency may be due to other compensatory factors, as many
studies have demonstrated that zebrafish progestin signaling,
which is produced in the testis, as well as other androgenic ster-
oids, might be alternative signals for spermatogenesis promotion
and maintenance. Further study is still needed to support this
hypothesis. Similar to the observation of spermatogenesis in the
gonads of XX scl mutant medaka, which also carry oocytes at the
diplotene stage (6 mpf), the cyp17a1�/� XX common carp in the
present study exhibited apparent intersex gonads at 5 mpf (Sec-
187
tion S11 and Fig. S2 in Appendix A). However, at 5 mpf, a higher
level of apoptosis was observed in the gonad tissue of the
cyp17a1�/� XX common carp. Later, uniform testicular develop-
ment and spermatogenesis were observed in the gonad tissue of
cyp17a1�/� XX carp at 6 mpf (Section S12 and Fig. S3 in Appendix
A). These observations are in agreement with those for the
cyp17a1-deficient zebrafish, which showed testis differentiation
and increased apoptosis at 30 dpf, a critical period for gonadal dif-
ferentiation. Based on our observations in the two cyp17a1-
deficient cyprinid fish (zebrafish and common carp), oocyte devel-
opment was completely halted, unlike the phenotype observed in
the scl mutant medaka [24]. The difference in gonadal differentia-
tion observed between the cyp17a1-deficient cyprinid fish (ze-
brafish and common carp) and scl mutant medaka may be due
either to differences in the role of estrogen in the determination
of ovarian differentiation or to the observation for the medaka
not being late enough. Hypertrophic testes with a significantly
increased number of spermatozoa were observed in both cyp17a1-
deficient zebrafish and cyp17a1-deficient common carp. Previ-
ously, we have demonstrated that the upregulation of pituitary
Fshb, which may have resulted from the absence of effective neg-
ative feedback regulation of the sex steroids, stimulated testis
development and spermatogenesis in cyp17a1-deficient zebrafish,
as the additional knockout of fshb in the cyp17a1-deficient zebra-
fish resulted in normalized testis development and spermatozoa
number [2]. The hypertrophic testis in the cyp17a1�/� common
carp at 6 mpf may also be attributed to the potential upregulation
of gonadotropins in the pituitary, since the target genes of fshb,
igf3, and insl3 were significantly upregulated in the testis of
cyp17a1�/� fish, compared with the expression in the cyp17a1+/+

fish (Fig. S3).
In recent years, several knockout species have demonstrated

female-to-male sex reversal, such as cyp19a1a and cyp17a1 knock-
out zebrafish and tilapia, suggesting that these sex steroids are
indispensable to the regulation of gonadal differentiation [2,3].
Even so, the phenotypes caused by cyp17a1 mutation in mammals
are highly diverged with those caused by cyp17a1mutation in fish;
for example, in both humans and mice, the cyp17a1 mutation
causes disorders in sex development and delayed sexual matura-
tion [46–49]. In medaka, another fish model that uses the XX/XY
GSD system, scl mutant fish carrying a cyp17a1 mutation also
exhibited loss of male-typical SSCs and mating behaviors but
unimpaired spermatozoa development, as evidenced by both XX
and XY mutants exhibiting gonads with spermatozoa [24]. When
comparing the observations on cyp17a1-deficient zebrafish, an
experimental strain without an identified GSD system [27], with
those of cyp17a1-deficient medaka and carp, it can be seen that
the phenotypes of the three cyp17a1mutant teleosts are quite sim-
ilar with respect to SSCs, spermatogenesis, and testicular develop-
ment. These results indicate that a difference may exist in the roles
of sex steroid hormones in gonadal development between teleosts
and mammals, regardless of the presence of a GSD system. More-
over, the present study demonstrates that the XX/XY sex-
determination system of the common carp is sex steroid-
dependent (Table 2 and Fig. 4). These findings enabled us to estab-
lish a novel sex-control strategy for culture fish in aquaculture. The
AF carp population produced by this genetic approach contains one
copy of an edited cyp17a1 locus. An optimized strategy to establish
a high-ratio neomale population has been established (Section S13
and Fig. S4 in Appendix A). In the future, we will try to produce
sterilized, rapid growth, and AF triploid common carp by crossing
our diploid cyp17a1�/� neomale carp with a tetraploid female carp,
following the methods set out in previous studies [50]. The future
AF triploid carp will reduce ecological risk due to their inability to
reproduce, which would prevent the drifting of the artificial
cyp17a1 locus within the carp population.
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5. Conclusions

The manipulation of cyp17a1 depletion can be an effective
approach to produce cyp17a1�/� XX neomales with proper testicu-
lar differentiation and spermatogenesis. Although the neomales
exhibit external female SSCs phenotypes, large amounts of viable
sperm can be easily collected from mature neomales that can then
be successfully used to fertilize mature eggs collected from WT
females. In addition, together with our newly identified male-
specific DNA marker, mature neomale common carp can easily
be screened out from cyp17a1-deficient all-male carp for use as
the paternal parent fish for the generation of an AF population. This
enables the production of a cyp17a1+/� XX AF population via rou-
tine in vitro artificial fertilization procedures used in aquaculture.
The adoption of this genetic approach can be used to produce neo-
male common carp with a few nucleotides missing and one loss-of-
function gene. This novel genetic approach provides an alternative
method to mass-produce stable AF populations of common carp by
exploiting the sexual dimorphism in carp growth in a manner ben-
eficial for aquaculture. It also avoids the issue of endocrine-
disruption effects caused by the endocrine residues released by
traditional steroid hormone-induced sex-reversal methods. It is
still necessary to sterilize these fish to prevent genetic drift of
the mutant cyp17a1 locus within the carp population.
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