
   
 

© The Author(s) 2012. This article is published with open access at Springerlink.com csb.scichina.com   www.springer.com/scp 

                      
*Corresponding author (email: huwei@ihb.ac.cn) 

Review 

Progress of Projects Supported by NSFC January 2013  Vol.58  No.1: 716 

Hydrobiology doi: 10.1007/s11434-012-5577-1 

Progress in studies of fish reproductive development regulation 

CHEN Ji, HU Wei* & ZHU ZuoYan 

State Key Laboratory of Freshwater Ecology and Biotechnology, Institute of Hydrobiology, Chinese Academy of Sciences, Wuhan 430072, China 

Received June 19, 2012; accepted September 28, 2012; published online November 23, 2012 

 

Mechanisms of the animal reproductive development are an important research field in life sciences. The study of the reproductive 
development and regulatory mechanisms in fishes is important for elucidating the mechanisms of animal reproduction. This paper 
summarizes recent advances in the mechanisms of fish sex determination and differentiation, of fish gonad development and mat-
uration, and of fish germ cell development, as well as the according regulating strategies. Fishes comprise an evolutionary stage 
that links invertebrates and higher vertebrates. They include diversiform species, and almost all vertebrate types of reproduction 
have been found in fishes. All these will lead to important advances in the regulatory mechanisms of animal reproduction by using 
fishes as model organisms. It will also enable novel fish breeding techniques when new controllable on-off strategies of reproduc-
tion and/or sex in fishes have been developed. 
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As low vertebrates, fishes are on an evolutionary stage 
linking invertebrates and higher vertebrates. There are as 
many as 28000 known fish species, which show large di-
versity. A range of sexual characteristics and reproductive 
strategies has been described for fishes, and almost all re-
productive types of vertebrates have been found in fishes. 
The study of fish reproductive development regulation is 
important for elucidating mechanisms of animal reproduc-
tive development. Molecular breeding will reveal finer vari-
eties when genes and regulatory networks associated with 
economically important traits (such as fast growth, disease 
resistance, cold tolerance and hypoxia tolerance) in fishes 
are discovered [1]. Reproduction also provides a precondi-
tion for culturing exclusive fish breeds and expanding fish 
populations. Breeding techniques such as sexual control and 
fertility control have played important roles in developing 
new fish varieties. This paper will review advances of fish 
reproductive development regulation, with the aim of 
providing hints for mechanisms of fish reproductive devel-
opment, as well as providing theoretical guidance for tech-

niques of reproductive regulation and developing high- 
yielding, efficient, eco-friendly breeds. 

1  Sexual control of fishes 

1.1  Factors influencing sex determination 

The sex differentiation pattern and determination mecha-
nism of fishes are very diverse. Various sexual phenotypes 
are all present in fishes, such as hermaphroditism, unisexu-
ality, gonochorism and dual reproduction mode including 
parthenogenesis and sexual reproduction [2]. For those 
fishes in which sex chromosome systems exist, there are 
single chromosome systems, such as XX/XY, ZZ/ZW, XX/ 
XO and ZZ/ZO, and multiple chromosome systems, such as 
XX/XY1Y2, ZZ/ZW1W2, X1X2X1X2/X1X2Y, and X1X2X1X2/ 
X1X2X1. Like other animals, fish sex differentiation is con-
trolled by their genetic system. However, fishes are ovipa-
rous, and their embryonic development proceeds in expo-
sure to temperature-variable water. Thus, their external 
physical environment inevitably affects sex differentiation 
of fishes. 
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1.1.1  Genetic sex determination 

In vertebrates, it appears that genes involved in sex deter-
mination and differentiation have the tendency to move onto 
the heteromorphic sex chromosomes, which may be a 
common feature of these genes [3,4]. Thus, when it comes 
to the study of fish sex determination mechanisms, a strate-
gy of searching sex chromosomes for sex determination 
genes was always preferred. Based on the statistical data 
given by Arkhipchuk, among more than 1700 fish species 
that had been cytogenetically characterized until 1995, ap-
proximately 176 species had been found to have cytogenet-
ically distinct sex chromosomes [5], which present im-
portant material for exploring mechanisms of fish sex de-
termination. The guppy (Poecilia reticulata) has cytogenet-
ically differentiated sex chromosomes. In the early pachy-
tene stage, a segment on the Y chromosome is unpaired 
with the X chromosome. Comparative genomic hybridiza-
tion (CGH) differentiated a large block of predominantly 
male-specific repetitive DNA in the region [6]. Artieri et al. 
[7] identified chromosome 2 of the Atlantic salmon (Salmo 
salar) as the sex chromosome by using probes designed 
from the flanking regions of sex-linked microsatellite 
markers. The region containing the sex-determining locus 
appeared to locate between the Ssa202DU marker and a 
region of heterochromatin on the long arm. They then used 
an in silico approach to draw a physical map of chromo-
some 2 with a view to sequencing and identifying the sex- 
determining gene. The X chromosome of the spiny eel 
(Mastacembelus aculeatus) was microdissected by Zhao et 
al. [8]. They constructed an X chromosome library and iso-
lated a repetitive sequence. The repetitive sequence was 
found by fluorescence in situ hybridization (FISH) to distrib-
ute on regions of the X chromosome different from the Y 
chromosome. Despite the studies described above, it is diffi-
cult to isolate sex-determining genes on heteromorphic sex 
chromosomes due to their heterochromatin containing large 
regions of repetitive sequences. How to locate sex-determin- 
ing loci on sex chromosomes of fishes and how to discrimi-
nate sex-determining associated genes from large numbers of 
repetitive sequences is crucial for studying mechanisms of 
sex determination by using fish sex chromosomes. 

Comparing sex determination-associated genes of other 
species with homologs of fishes is another strategy of 
searching for sex-determining genes of fishes. However, 
homologs of wt1, sf-1, amh and dax1, which play roles in 
mammalian sex determination, were found to only have 
indirect regulatory effects on sex differentiating signal 
pathways in fishes [9–12]. 

The ff1d gene of zebrafish (Danio rerio), a homolog of 
the mammalian sf-1 gene, is expressed in the hypothalamus 
and gonads, especially in testicular Sertoli cells and Leydig 
cells, and can regulate the expression of amh [10]. In 
zebrafish testes, amh is expressed in presumptive Sertoli 
cells, which may be regulated by SF-1, GATA and WT1, 
and is related to the proliferation and differentiation of 

spermatogonia [13]. The cyp19 gene encodes aromatase, the 
enzyme that converts androgens to estrogens. Fish cyp19a1 
participates in ovary development, and cyp19a2 is indirectly 
involved in sexual differentiation via the hypothala-
mus-pituitary-gonad axis (HPG axis) [14]. The expression 
patterns of cyp19a1a and cyp19a1b of 3-month-old and 
10-month-old common carp (Cyprinus carpio) were inves-
tigated in our laboratory. Important roles of sf-1 and 
cyp19a1b in testis development and of cyp19a1a in ovary 
development were suggested [15]. Guiguen et al. [16] hy-
pothesized that upregulation of cyp19a1a is required for 
triggering and maintaining ovarian differentiation, and that 
cyp19a1a downregulation was necessary for inducing a 
testicular differentiation pathway. Furthermore, SF-1, 
FOXL2 and AMH are believed to regulate expression of 
cyp19a1 [17], which again suggests the indirect effect of 
those factors in fish sex determination. 

Members of the SOX gene family are highly conserved 
in vertebrates and regulate extensive development pathways. 
However, the homologs of SOX in fishes are not crucial for 
sex determination. Sexually dimorphic expression modes of 
sox9 have been reported for some fish species [18]. Alt-
hough it plays a role in testis organogenesis, no evidence 
was found which could demonstrate that sox9 directs sex 
determination. 

Many members of the DMRT gene family are surmised 
to be involved in sex determination. The dmrt1 gene is 
thought to be a primary sex-determining gene in vertebrates. 
In fishes, its expression was only found in gonads. Fur-
thermore, it showed higher expression in testes than in ova-
ries for some species, and it might be related to the for-
mation and maintenance of the testes. The ontogenetic ex-
pression pattern of dmrt1 in Gobiocypris rarus was ana-
lyzed using semi-quantitative PCR in our laboratory, and 
the results showed a higher expression in testes than in ova-
ries since five days after hatching [19].  

The DMY gene of medaka (Oryzias latipes), a functional 
copy of dmrt1 on the Y chromosome, is a sex-determining 
gene with the solidest evidence to be responsible for for-
mation and differentiation of the testes [20,21]. However, 
phylogenetic analysis indicated that the duplication of 
dmrt1 occurred after medaka evolved from other Oryziati-
dae species, which means that DMY does not exist in other 
fish species. 

Recently, a duplicated gene of amh on Y chromosome of 
Odontesthes hatcheri, named amhy, was isolated by Hattori 
et al. [22]. The results from spatio-temporal expression 
analysis and gene knockdown suggested that amhy may 
play a critical role in the sex determination in this species. 
Compared with sry, dmrt1 and DMY, which encode tran-
scription factors to determine sex in some species, amhy 
may be a unique case of a hormone-related gene mastering 
sex determination in vertebrates. 

Li et al. [23] identified sex chromosomes of Salmo trutta, 
S. salar and Oncorhynchus mykiss by FISH. The sex chro-
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mosomes showed different origins and the sex-determining 
genes might differ in these three salmonid species. 
Vandeputte et al. [24] proposed a polygenic hypothesis for 
sex determination in the European sea bass (Dicentrarchus 
labrax). Bradley et al. [25] reported a genome-wide linkage 
study of sex determination in zebrafish using a SNP genetic 
map. They confirmed two loci on chromosomes 5 and 16, 
respectively, containing sex-determining related genes, 
which turned out to be dmrt1 and cyp21a2. However, muta-
tions of the two loci only accounted for about 16% of vari-
ance of the trait. Liew et al. [26] found that zebrafish sex 
was mainly determined genetically using repeated single 
pair crossings. Furthermore, using a FluoMEP assay or ar-
ray comparative genomic hybridization, they failed to find 
universal sex-linked differences between the male and fe-
male genomes. They therefore proposed that zebrafish have 
a polygenic sex determination system. 

Based on the studies described above, it appears that 
most fish species do not possess functionally specialized 
sex-determining genes. It is believed that fish sex may be 
determined by polygenic systems, which are influenced by 
the environment and other factors. This could explain why 
varieties of molecular mechanisms of sex determination are 
found in fishes.  

1.1.2  Environmental sex determination 

The sex differentiation of fishes is influenced by environ-
mental factors, such as temperature, exogenous hormones 
and behavior control [27]. 

Among the environmental factors, temperature has a 
stronger influence on sex differentiation. Menidia menidia 
was the first reported fish species in which both temperature 
and genes played a role in sex differentiation during the 
mid-larval stage [28]. Further studies demonstrated that 
both genetic and environmental factors have effects on sex 
differentiation in fishes. In some extreme cases, temperature 
factor can even rise above genetic determination to induce 
sex change. At high temperatures (32–34°C), the level of 
cortisol in the entire body of medaka is elevated. This 
change inhibits female-type proliferation of germ cells as 
well as expression of follicle-stimulating hormone (FSH) 
receptor mRNA, which gives rise to masculinization of XX 
medaka [29]. It appears that the response to temperature 
depends on the fish species. In general, for most tempera-
ture-sensitive species, the ratio of males to females is in-
creased at higher temperatures [30]. However, species such 
as Gambusia affinis and Coregonus hoyi are entirely tem-
perature-independent [31]. Yamaguchi et al. [32] studied 
molecular mechanisms of temperature-dependent sex deter-
mination in the Japanese flounder, Paralichthys olivaceus. 
They found that high temperature treatment inhibited expres-
sion of foxl2 and FSH receptor, and surmised that the tran-
scription of cyp19a1 was suppressed indirectly by high tem-
perature, which led to the masculinization of P. olivaceus. 

The view that fish sex differentiation can be induced by 

exogenous sex steroids is widely accepted. In most cases, 
short time treatment with sex steroids at early stages of sex 
determination (embryonic development stage) can perma-
nently change and maintain fish phenotypic sex. Sometimes, 
persistent administration of sex steroids could result in hy-
poplastic gonads or sterility [33]. In another case, male chi-
nook salmon, Oncorhynchus tshawytscha, could be induced 
to become females with the androgen 17-MT(17α-methyl- 
testosterone) [34]. This phenomenon has been interpreted as 
the result of the estrogen receptor recognizing aromatized 
17-MT. 

With regards to use of the term “estrogens”, it should be 
pointed out that it commonly refers to the hormones pos-
sessed only by females, a view challenged by recent studies. 
Ito et al. [35] found two kinds of estrogen receptors in Ser-
toli cells and even in haploid germ cells of the Japanese 
common goby, Acanthogobius flavimanus, suggesting that 
estrogens might play a role in regulating male germ cells 
development. Chaves-Pozo et al. [36] treated gilthead sea-
bream, Sparus aurata L., with high doses of 17β-estradiol 
(E2). They found that E2 could inhibit the proliferation of 
spermatogonia, induce the apoptosis of primary spermato-
gonia and accelerate spermatogenesis. Another study by 
Miura et al. [37] indicated the role of a kind of progestin 
(17-α-20-β-dihydroxy-4-pregnen-3-one, DHP) in initiating 
meiosis of eel spermatogenetic cells. These findings 
strongly suggest a role of estrogens in fish testes develop-
ment and maturation. On the other hand, a report by Liu et 
al. [38], in which androgen receptors were found in ovary 
tissue of Spinibarbus denticulatus, suggested a role of an-
drogens in ovary development. Taken together, it appears 
that a collaboration of estrogens and androgens regulate fish 
reproductive development, and that a balanced coordination 
of two classes of sex steroids determine sex differentiation. 

In some fish species, social factors also have an effect on 
sex determination. In one group some individuals can in-
fluence other individuals by their behavior. The population 
usually consists of a group of smaller individuals of a 
common sex and fewer larger dominant individuals of the 
opposite sex. When the dominant individual leaves or can-
not control the other individuals, the second dominant indi-
vidual will change its sex and replace the former [39]. 

1.2  Sex reversal in fishes 

Some fish species reverse their sex naturally at some de-
velopmental stage. Fishes such as Epinephelus sp., Pagrus 
major and Monopterus albus, have to undergo sex reversal 
during their ontogenesis. The molecular mechanism of sex 
reversal is a classical and interesting research topic in fish 
reproductive development biology. Bhandari et al. [40] 
showed that the body size of hermaphrodites correlated with 
age and sex, which led them to always remain in the sex 
with higher fertility. The dmrt1 and SOX gene families 
might play important roles in sex change from female to 



10 Chen J, et al.   Chin Sci Bull   January (2013) Vol.58 No.1 

male. The cDNA libraries of hypothalamus, pituitary and 
gonad tissue in several developmental stages of male or-
ange-spotted groupers (Epinephelus coioides) were con-
structed by Zhou et al. [41]. They identified more than 10 
genes involved in sex reversal of the grouper, including 
dmrt1 involved in spermatogonia differentiating into sper-
matocytes, and sox3 involved in oogenesis regulation. The 
mRNA expressions of dmrt1 and foxl2 during female to 
male change of honeycomb groupers (Epinephelus merra) 
were analyzed by Alam et al. [42]. The results suggested 
that the down-regulation of foxl2 accelerated oocyte degen-
eration, while the up-regulation of dmrt1 led to the differen-
tiation of germ cells into spermatogonia and promoted sex 
reversal. Huang et al. [43] found multiple alternative splic-
ing of dmrt1 in gonad transformation of rice field eel, M. 
albus, two transcripts of which showed increased expression 
during female to male change. The mRNA expression pat-
tern of sox9 during artificial sex reversal of orange-spotted 
groupers was analyzed by our group, and we hypothesized 
that sox9 was an important factor to initiate and maintain 
masculinization [44]. In conclusion, fishes that naturally 
reverse their sex present a unique experimental opportunity 
for studying mechanisms of animal sex determination and 
differentiation. 

Sex steroids are involved in the development and 
maintenance of gonads. The levels of varieties of sex ster-
oids fluctuate during sex reversal. Kokokiris et al. [45] 
found during the sex change from female to male of pro-
togynous Mediterranean red porgy (Pagrus pagrus) that 
androgen (11-ketotestosterone and testosterone, 11-KT and 
T) levels in serum rose and estrogen (estrone and 17β-  
estradiol, E1 and E2) levels dropped. On the other hand, 
when protandrous black porgy (Acanthopagrus schlegeli) 
underwent sex change from male to female, the E2 levels 
increased [46]. It is obvious that sex steroids have an im-
portant role in fish sex reversal. The effect of sex steroids 
on sex differentiation of fishes was further confirmed by 
experiments of immersing or feeding fish with sex steroids. 
Li et al. [47] implanted MT, MDHT(non-aromatizable 17α- 
methydihydrotestosterone) and MT+AI (aromatase inhibitor) 
into the body of red-spotted groupers (Epinephelus akaara), 
respectively. One month later, they obtained groupers with 
intersex gonads containing aretic oocytes and spermatogen-
ic cells in several developmental stages, whereas male Ha-
lichoeres trimaculatus turned into females after 12 weeks of 
feeding with E2 [48]. Bhandari et al. [49] treated female 
honeycomb groupers (Epinephelus merra) with 11-KT by 
intraperitoneal injection, and the treated groupers were in-
duced into 100% males after 75 days. Aromatase is encoded 
by cyp19a1a. Treating red-spotted groupers with aromatase 
inhibitors also resulted in female-to-male sex change [50]. 
Guiguen et al. [16] proposed that cyp19a1a and endogenous 
estrogens were crucial for natural sex reversal. Their re-
duced expression initiated female-to-male change and their 
elevation triggered male-to-female change. 

Groupers and rice field eels are both economically im-
portant hermaphrodites, which produce eggs at first. In 
production, the late occurrence of natural sex reversal of 
grouper causes lack of male parents, whereas the early oc-
currence of sex change in rice field eel leads to smaller fe-
male parents with fewer numbers of eggs. In order to pro-
mote aquaculture of these two fish species, it will be im-
portant to establish a regulatory technology to control en-
dogenous sex steroids levels, by which sex reversal of 
groupers can be brought forward or sex reversal of rice field 
eels can be postponed. 

1.3  Sex-controlled breeding 

Many fishes show sexual dimorphism in growth rate or age 
of sexual maturation. Before sexual maturation, the energy 
fishes take in is mainly used for body growth. In some spe-
cies such as common carp, females show a faster growth 
rate, due to ovary maturation occurring later than testis 
maturation. In other species, such as Pelteobagrus ful-
vidraco and Tilapia nilotica, males show a faster growth 
rate. For fishes with a high reproductive capacity, such as 
tilapia, raising both sexes in one pool will produce plenty of 
offspring, which wastes resources. For these reasons, it is 
important for fish culture to produce all-males or all-   
females by using sex-controlling technologies. All-female 
carp and all-male P. fulvidraco have been produced by us-
ing sex steroids and inducing gynogenesis [51,52]. 

Estrogens play an important role in fish sex differentia-
tion, which are regarded as a natural inducer of ovary dif-
ferentiation [11,53]. The amount of estrogens correlates 
closely to the expression levels of aromatases. Therefore, 
some researchers tried to control the level of estrogens by 
regulating aromatase expression to impact on sex differenti-
ation to control sex. 

Wang et al. [54] produced transgenic tilapia in which 
dmrt1 was over-expressed to inhibit transcription of 
cyp19a1a. The E2 level in serum of transgenic fish was 
lower, the ovarian cavity development was retarded, folli-
cles degenerated to varying degrees, and even about 5% of 
all individuals developed into males. FOXL2 promotes 
synthesis of estrogens and development of ovary by upreg-
ulating cyp19a1a expression in female fish. A dominant 
negative mutant of foxl2 was transferred into female tilapia 
to interfere with the endogenous FOXL2 functions [17]. 
The expression of cyp19a1a was suppressed, as well as re-
duction of serum estrogens level, and transgenic fishes re-
sulted in masculinization. Rodriguez-Mari et al. [55] in-
serted Tol2 into the coding region of Fancl in zebrafish to 
inactivate it. They observed apoptosis of germ cells during 
sex differentiation, thus compromising oocyte survival, and 
lower expression of cyp19a1a. The gonads became testes 
and the mutant fishes developed into males. Taken together, 
the goal of controlling sex can be achieved by regulating the 
expression of factors in signal pathways of sex differentia-
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tion, which is hoped to develop into a new technology. 
Other investigations showed that knockdown of dnd, a 

gene involved in development and migration of primary 
germ cells (PGC), caused apoptosis of PGCs in zebrafish and 
medaka. The germ cell-ablated fish developed into males and 
had the ability of inducing females to lay eggs [56,57]. 

2  Fish reproductive control 

There is a close relationship between growth and reproduction 
in fishes [58]. Rendering fishes sterile by manipulating repro-
duction will reduce the energy consumption distributed to 
reproduction, thus the fishes will grow faster. On the other 
hand, the ecological risks have become a bottleneck restriction 
to introducing foreign species and industrialization of trans-
genic fishes. Strategies of creating sterile fish would avoid the 
ecological risk entirely [59,60]. Reproductive control is im-
portant for a sustainable development of fish varieties and for 
updating and breeding studies of transgenic fishes. 

2.1  Development of fish gonads 

2.1.1  Development of fish germ cells 

The reproductive development of fishes includes generation, 
migration, proliferation, and differentiation of PGCs and 
production of gametes [61]. vasa was the first verified gene 
specifically expressed in PGCs of fishes [62]. By marking 
germ cells with fluorescence using germ cell special promot-
ers or 3′-UTR [63], the formation process of gonads could be 
tracked down. Combined with gene knock-down/-out, it is 
useful for exploring new regulatory factors of reproduction. 

Whole mount in situ hybridization (WISH) of zebrafish 
embryos with probe designed from vasa showed four sig-
nals located on the marginal positions of the first cleavage 
plane at 2- or 4-cell stage [64]. During the cleavage stage 
until the 1K-cell stage, the number of vasa-positive cells 
remains four, with fixed locations in the embryo. The ex-
pression patterns of vasa in rare minnow (Gobiocypris rarus) 
were proved similar to those in zebrafish by our group [65]. 
In medaka, however, the vasa RNA was observed widely 
distributed in early embryos. It did not show a special dis-
tribution until the late gastrula stage with 10–25 vasa-posi- 
tive cells concentrating on both sides of the posterior shield 
[66]. Two different expression patterns of vasa suggested a 
variety of occurrence patterns of germ cells. 

In zebrafish, PGCs start to migrate since dome stage, ac-
companied by reduced synthesis of E-cadherin. Some genes 
are transcribed in PGCs, and the gene dnd, the product of 
which can combine with RNA, is essential for the transcrip-
tion [67]. PGCs become polarized and the receptor CXCR4 
on them can recognize the chemokine SDF1a, then PGCs 
are attracted to move towards SDF1a locations. The somatic 
cells in the path of migration and embryonic primordia ex-
press SDF1 one by one to introduce PGC to the destination 

[68]. At the same time, the orderly expression of CXCR7 in 
somatic cells, another receptor of SDF1a, can eliminate re-
dundant SDF1 to guide the migration [69]. 

The migration of medaka PGCs is guided by SDF1a and 
SDF1b [70], similar to zebrafish. Kunwar et al. [71] sug-
gested a potentially universal rule that the migration direc-
tion of PGCs is decided by the balance of attractive and 
repellant cues, which is mediated by G protein-coupled re-
ceptors. Once PGCs arrive at their destination, some of 
them proliferate to maintain the number of stem germ cells, 
while others differentiate into spermatocytes or oocytes, 
then enter into meiosis, and finally produce gametes . 

Until now, few factors associated with fish germ cells 
differentiation are known. Herpin et al. [72] observed that 
DMY could arrest germ cells of male medaka in the G2 
phase. In situ hybridization in medaka showed that mis 
mRNA was expressed in the somatic cells surrounding germ 
cells during sex differentiation, and that MIS protein was 
thought to promote germ cells differentiation by acting on 
the somatic cells [73]. In zebrafish, PIWI could combine 
with germ cell specific piRNA, which is essential for germ 
cells maintenance and differentiation [74]. 

Factors involved in germ cell maturation include pitui-
tary hormones, sex steroids and growth factors. Pituitary 
hormones include FSH (follicle stimulating hormone), LH 
(luteinizing hormone), GH (growth hormone) and so on. 
Sex steroids mainly include progestin, androgens and es-
trogens. Growth factors include activin, GSDF (gonad soma 
derived factor), AMH (anti-Mullerian hormone), IGF-1 
(insulin-like growth factor I), etc. For detailed reviews, 
please see Schulz et al. [75] and Lubzens et al. [76]. 

2.1.2  Endocrine regulation of fish gonad development 

The development and maturation of fish gonads are con-
trolled by genetic and environmental factors, and regulated 
by a molecular network of signals. As in other vertebrates, 
the HPG axis of the neuroendocrine system plays a central 
regulatory role on the reproductive development of fishes. 
Gonadotropin-releasing hormone (GnRH), lying upstream 
of the HPG axis, is a key regulatory factor. Once hypo-
thalamus-secreted GnRH arrives at the pituitary gland, the 
cAMP signal pathway in gonadotrophs will be activated, 
transcription, synthesis and secreting of FSH and LH are all 
up-regulated. Via blood circulation, FSH and LH enter the 
gonads to regulate gonad development and to promote sex-
ual maturation by stimulating production of sex steroids. On 
the other hand, sex steroids can inhibit synthesis of GnRH 
in the hypothalamus through a negative feedback pathway. 

In recent years, the discoveries of kisspeptin, which can 
positively regulate GnRH, and GnIH, which can negatively 
regulate GnRH, have been praised as two remarkable 
breakthroughs in vertebrate neuroendocrinology [77]. They 
have become attractive topics in fish reproduction and 
physiological research. 

Kisspeptin is a neuropeptide encoded by the kiss gene, 
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and with GPR54 as the receptor. The first research about 
kiss function was carried out in hypogonadism [78]. The 
patients had delayed pubertal maturation and reproductive 
function due to a mutation in the gene encoding GPR54. 
Subsequent studies in mice, rats and monkeys further con-
firmed the functions of kisspeptin and GPR54 in reproduc-
tive development. Currently, the roles kisspeptin is thought 
to play include: sexual differentiation of the brain, the initi-
ation of puberty, secretion and release of GnRH, transmis-
sion of feedback signals of sex steroids and control of re-
productive function by a photoperiodic factor [79]. 

Currently, functional research of Kisspeptin and GPR54 
in fish reproduction is developing rapidly. Parhar et al. [80] 
found mRNA of GPR54 in GnRH neurons of tilapia, which 
suggested a direct effect of kisspeptin on GnRH neurons. 
Kitahashi et al. [81] cloned and expressed the Kiss2 gene of 
zebrafish and medaka. Via intraperitoneal administration 
and real-time PCR, they observed a more important role of 
kiss2 than kiss1 in regulating zebrafish sex steroid synthesis. 
Li et al. [82] observed elevated levels of LH in goldfish 
serum after intraperitoneal administration of mature kis-
speptin peptides. However, Pasquier et al. [83] confirmed 
an inhibitory effect of kisspeptin on LH levels of the eel, 
Anguilla anguilla. It is worth noting that two or three types 
of GnRH usually coexist in one fish species, and that two 
types of kisspeptin and GPR54, respectively, are also found. 
Thus, the relationship between the kisspeptin/GPR54 signal 
system and GnRH, as well as regulatory mechanisms on 
reproduction, might differ between fishes and mammals. 

GnIH (gonadotropin-inhibitory hormone) was first found 
in birds by Japanese scientists in 2000. Subsequent studies 
showed that GnIH might regulate reproduction of birds and 
mammals on every level of the HPG axis. It can inhibit 
synthesis and release of LH and FSH, induce apoptosis of 
testis cells, and might have a regulatory effect on the produc-
tion of sex steroids as well as on the differentiation and mat-
uration of germ cells by the way of autocrine or paracrine 
mechanisms [84]. The functional study of GnIH in fishes has 
just started, and there are still many inconsistent findings. For 
instance, Zhang et al. [85] detected lower levels of LH in the 
serum of mature female goldfish after intraperitoneal admin-
istration of zebrafish GnIH peptides, which demonstrated that 
GnIH could negatively regulate release of LH in goldfish. On 
the contrary, the results from intraperitoneal administration of 
GnIH to goldfish at developmental stages from early to late 
gonad recrudescence showed that GnIH increased pituitary 
LH-β and FSH-β mRNA levels as well as reduced serum LH 
and pituitary GnIH-R mRNA levels [86]. It has been sug-
gested that GnIH has a seasonal effect on LH and FSH. This 
could change our understanding of the regulation of fish re-
productive axis. It would also help us to study the function of 
GnIH in fish reproduction and explore new factors negatively 
regulating GnIH. 

There are also types of molecules that can indirectly reg-
ulate fish reproductive development by affecting the HPG 

axis. For example, in many teleosts the release of GtH can 
be inhibited by dopamine (DA) [87], or be accelerated by 
γ-aminobutyric acid (GABA) [88], and secretion of GtH can 
be stimulated by neuropeptide Y (NPY) [85]. In our group, 
suppression subtractive hybridization (SSH) and cDNA 
microarray were applied to sterile females of the common 
carp with abnormal gonads and to wild type common carp 
[89]. We found more than 200 genes expressed differently 
at the hypothalamus, pituitary or gonad level, which in-
cluded 87 unknown genes, whereas the other genes were 
associated with growth, organogenesis, energy metaboliza-
tion, immune response, signal transduction and cell apopto-
sis. The results showed a very complex molecular network 
regulating fish reproductive development. 

2.2  Strategies of fish reproductive control 

Since GnRH is known as a key factor in HPG axis, many 
trials have been undertaken to control fish reproduction by 
suppressing GnRH expression [90,91]. In our group, en-
dogenous sGnRH expression was suppressed by using the 
anti-sense transgenic method, which led to a genesis of 
gonads [89,92]. The result demonstrated that fish reproduc-
tion could be controlled by suppressing critical signal mol-
ecules associated with reproductive development. 

The development of gonads can be seen as a process of 
generation, migration, proliferation, differentiation of PGCs 
as well as a production of gametes. Apoptosis of germ cells 
can be induced by interfering with the expression of genes 
associated with germ cell development. In zebrafish, 
knockdown of dnd using Morpholino caused PGCs losing 
their migratory ability and resulted in apoptosis [93]. Sup-
pression of nanos1 inhibited PGCs from migrating properly 
and reduced their number [94]. PGCs would migrate ab-
normally and induce apoptosis when Stau was knocked 
down [95]. PGCs of a zili-deficient mutant also induced 
apoptosis before reaching meiosis [74]. 

Another strategy targeting germ cells to control repro-
duction of fishes is to kill germ cells directly and specifi-
cally. Slanchev and Stebler [56] expressed kid, a bacterial 
toxin, preferentially in PGCs and simultaneously expressed 
the antidote kis uniformly in zebrafish. They obtained nor-
mally developing embryos but abated PGCs. Hsu et al. [96] 
and Hu et al. [97] expressed the nitroreductase gene specif-
ically in zebrafish gonads using zp, asp, odf or sam promot-
er. When transgenic zebrafish were immersed in metroni-
dazole, the nitroreductase expressed in germ cells turned 
metronidazole into cytotoxins and the germ cells were killed. 
It should be noted that the technologies listed above in-
volved cell apoptosis or cytotoxicity. The question remains 
how we can abate germ cells specifically and efficiently 
without affecting growth of somatic cells or expressing cy-
totoxic proteins. For reasons of food security, this is a prob-
lem that needs to be resolved before this strategy can be 
applied to fish breeding.  
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3  Cell engineering in fish reproductive tech-
nology 

Cell engineering in fish reproductive technology includes the 
transplantation of germ cells and the induction of stem cells. 

The transplantation technique of cell nuclei has been es-
tablished in zebrafish and medaka [98–100]. Transplanta-
tion of sperm nuclei in medaka was established by Liu et al. 
[101], who immersed medaka sperms in a solution contain-
ing RFP-expressing plasmids and then transferred the sperm 
nuclei into unfertilized eggs. In the nuclear transplants, 50% 
expressed RFP and about 5% embryos developed into ma-
ture fish. This kind of germ cell nuclear transplant could be 
modified to be an efficient transgenic method. However, the 
survival rate of nuclei transplants is low, due to incomplete 
reprogramming of donor nuclei. Thus, this transplantation 
technique of cell nuclei needs to be improved. In our labor-
atory, we found that dome and shield stages were key stages 
in reprogramming zebrafish nuclei-transplanted cells. Proper 
expression of mycb and klf also determined whether trans-
plants would develop successfully or not [102,103]. 

The process of “borrow belly raw son” in fishes means 
transplanting PGCs of one fish species into the abdomen of 
another. The transplanted donor PGCs can develop inde-
pendently or participate in gonad development, which can 
produce mature gametes of the donor fish. To find an effi-
cient transgenic method, the technique of “borrow belly of 
fish” was established by Takeuch et al. [104], and has been 
constantly modified and improved since then. Saito et al. 
[105] killed germ cells of zebrafish at the blastula stage by 
first using dnd Morpholino and then transplanted a single 
PGC from a pearl danio (Danio albolineatus) into the 
zebrafish embryo. The transplanted cells migrated to gonad 
anlage, formed one side gonad and could produce functional 
gametes. Thereafter, Saito et al. [106] compared the effi-
ciency of PGC transfer between the methods of transplant-
ing a single PGC and transplanting blastomeres. They con-
sidered the mechanism of PGC migration to be highly con-
served in fishes, and found that transplanting a single PGC 
was more efficient than transplanting blastomeres. Nobrega et 
al. [107] transplanted spermatogonial stem cells of zebrafish 
into male and female recipients. From the results of do-
nor-derived spermatogenesis and oogenesis, they demon-
strated that germ cell differentiation could be influenced by 
the environment. Successful transplantation of PGCs from 
Odontesthes bonariensis into the gonads of sexually mature 
O. hatcheri was conducted by Majhi et al. [108]. After six 
months, the transplanted cells resumed spermatogenesis, 
which means that germ cell transplantation could shorten 
the reproduction time of donor fishes. Reports that the 
“borrow belly of fish” technique had been carried out suc-
cessfully between salmon and rainbow trout as well as two 
tilapia species [109,110], which are economically important 
fish, are very exciting. Such research indicates that “borrow 
belly of fish” between different fish species has become 

increasingly common. It has become valuable for shortening 
breeding cycles of economically important fish species and 
for the conservation of endangered fish species. 

The technique of in vitro stem cell culture facilitates an-
imal gene manipulation at the level of individuals. Few fish 
stem cell lines have been obtained so far. An embryonic 
stem cell line from medaka has been established, which is 
stable and can differentiate into a variety of cell types to 
form chimeras of medaka embryos [111,112]. Chen et al. 
[113] reported several embryonic stem cell lines from sea 
fishes with chimerical competence. An embryonic stem cell 
line from zebrafish could be maintained in vitro for a time, 
but then lost its pluripotency [114]. A striking report was 
published by Yi et al. [115], who established a haploid em-
bryonic stem cell line which maintained characteristics of 
stem cells and could form embryonic chimeras with diploid 
cells. Its nuclei could even be transferred into normal eggs 
to produce fertile adult fishes. This study used a technique 
of semi-cloning of animals, demonstrating that haploid em-
bryonic stem cell nuclei could initiate fertilization and pro-
duce offspring. This is regarded as a major breakthrough in 
reproductive biology. 

Regarding germ line stem cells, attempts were concen-
trated on isolating and culturing spermatogonial cells. The 
first established fish spermatogonial cell line was derived 
from medaka, and could be induced to differentiate into 
functional sperm cells [116]. Sakai [117] described a method 
of isolating and culturing spermatogonial cells from 
zebrafish. Later, Fan et al. [118] isolated RFP-labeled 
zebrafish PGCs by flow cytometry and cultured them in 
vitro for more than four months. Shikina and Yoshizaki 
[119] used a similar approach to isolate spermatogonial 
cells from rainbow trout. Panda et al. [120] isolated and 
enriched spermatogonial cells from Labeo rohita and prop-
agated them in vitro. No cases of culturing fish oogonia 
have been reported except a recent observation of germ line 
stem cells in medaka ovaries [121]. Techniques of culturing 
fish germ line stem cells in vitro and inducing them to dif-
ferentiate in the correct orientation will provide new inspi-
ration for fish breeding methods. 

4  Conclusions and perspectives 

There are about 28000 known fish species, which is more 
than all other vertebrate species. Fishes are on an evolution-
ary stage linking invertebrates and higher vertebrates. They 
also have varieties of sexual characteristics and reproduc-
tive strategies that are representative for all vertebrate spe-
cies. It is expected that these features will lead to important 
advances in understanding the regulatory mechanisms of 
animal reproduction by using fishes as models.  

An increasing number of studies suggest a complex net-
work that regulates fish reproductive development. Genome 
sequencing of model fish species such as zebrafish and 
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medaka as well as economically important species such as 
tilapia and grass carp will provide important information for 
isolating functional genes, exploring signal pathways and 
interpreting molecular networks that control or regulate fish 
reproduction. 

Fish reproduction is a precondition for culturing specific 
fish breeds and increasing their populations. Many fish spe-
cies with good economical traits are difficult to handle with 
artificial reproductive manipulation to become refined cul-
tured strains. Establishing controllable on-off techniques of 
reproduction and sex would open new possibilities for fish 
breeding. 

Manipulating fish reproduction is regulating the genera-
tion, maintenance and differentiation of germ cells, as well 
as the interaction between germ cells and somatic cells. Es-
tablishing controllable on-off techniques of reproduction 
and sex depends on various factors, including a thorough 
theoretical understanding of reproductive regulatory net-
works, of mechanisms of sex determination and differentia-
tion, and of mechanisms of germ cell growth and develop-
ment. Further required are improved techniques of manipu-
lating fish genomes, regulating target gene expression con-
sistently, and identifying genotypes and phenotypes accu-
rately and efficiently. 
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