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Fish genetic breeding is a process that remolds heritable traits to obtain neotype and improved varieties. For the purpose of 
genetic improvement, researchers can select for desirable genetic traits, integrate a suite of traits from different donors, or alter 
the innate genetic traits of a species. These improved varieties have, in many cases, facilitated the development of the aquacul-
ture industry by lowering costs and increasing both quality and yield. In this review, we present the pertinent literatures and 
summarize the biological bases and application of selection breeding technologies (containing traditional selective breeding, 
molecular marker-assisted breeding, genome-wide selective breeding and breeding by controlling single-sex groups), integra-
tion breeding technologies (containing cross breeding, nuclear transplantation, germline stem cells and germ cells transplanta-
tion, artificial gynogenesis, artificial androgenesis and polyploid breeding) and modification breeding technologies (represent-
ed by transgenic breeding) in fish genetic breeding. Additionally, we discuss the progress our laboratory has made in the field 
of chromosomal ploidy breeding of fish, including distant hybridization, gynogenesis, and androgenesis. Finally, we systemat-
ically summarize the research status and known problems associated with each technology. 

fish genetic breeding, genetic improvement, biological method, traits, new variety 

 

Citation:  Xu K, Duan W, Xiao J, Tao M, Zhang C, Liu Y, Liu SJ. Development and application of biological technologies in fish genetic breeding. Sci China 
Life Sci, 2015, 58: 187–201, doi: 10.1007/s11427-015-4798-3 

 

 
 

Fish is high in protein, unsaturated fatty acids, vitamins, and 
microelements, so it is an important component of a 
high-protein, low-calorie diet. Recent outbreaks of mad cow 
disease, foot-and-mouth disease, and bird flu suggest that 
fish is one of the safer animal-based foods for human con-
sumption. Unfortunately, however, the increased demand 
for fish has resulted in rapid depletion of fish stocks 
throughout the world. Concurrently, water resources are 
becoming scarcer. Given these trends, there is an urgent 
need to improve the efficiency and sustainability of the aq-
uaculture industry. To address this, researchers have used a 
variety of methods to produce new varieties that have de-
sirable traits such as rapid growth, high meat quality, and 

stress resistance. 
The various approaches to genetic enhancement can be 

divided into three categories: selective breeding, integration 
breeding, and modification breeding. Selective breeding 
involves selection and breeding of individuals in a popula-
tion that have desirable traits. Integration breeding involves 
the combination of two or more groups to obtain a mix of 
desirable traits from the donors. Modification breeding in-
volves the creation of new genetic traits. 

Selective breeding can be further divided into traditional 
selective breeding and molecular marker-assisted selective 
breeding. The classical approach to traditional selective 
breeding is to choose and breed only individuals that exhibit 
desirable characteristics for one or multiple traits such as 
growth rate, meat quality, and stress resistance. Methods 
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that yield all-female and all-male groups by treatments with 
hormones, temperature, or other factors are also included in 
this category. The research and application of molecular 
markers associated with functional genes in genetic breed-
ing can also be classified as molecular marker-assisted se-
lection. 

The essence of integration breeding is to produce indi-
viduals whose genetic materials are altered from those of 
the parents. For this purpose, hybridization, hydrostatic 
pressure, colchicine treatment and other biological, physical, 
or chemical methods are used to obtain hybrid or polyploid 
individuals. During the processes of distant hybridization, 
gynogenesis, and androgenesis, chromosome ploidy is re-
flected in the gametes and zygotes. Application of nucleus 
transplantation and stem cells transplantation (SCT) results 
in the recombination of genetic materials, and these meth-
ods are categorized into integration breeding. It is worth 
noting that distant hybridization can not only generate het-
erosis in new varieties, but also result in the formation of 
diploid or tetraploid hybrid strains, in which both the fe-
males and males are fertile. Under these conditions it is 
possible to form a new species. 

Modification breeding involves the creation of transgenic 
fish by the transfer of genetic material from a donor to a 
recipient via micromanipulation.  

The purpose of integration breeding and modification 
breeding is to alter the genotype and phenotype of offspring. 
Selection breeding can be used subsequent to integration or 
modification breeding to ensure the persistence and empha-
sis of desirable inherited characteristics. 

1  Fish genetic breeding  

1.1  Selection breeding techniques 

Directional filtering of traits is an important and indispen-
sable step in genetic breeding programs. Recently, research 
has focused on methods to rapidly and efficiently screen for 
important economic traits. Advances in the fields of genet-
ics, molecular biology, and other biological techniques have 
resulted in a shift from single traditional selective breeding 
to more diverse selective breeding methods. The following 
discussion summarizes selective breeding based on the divi-
sions between traditional selective breeding, marker-   
assisted selection, genomic technology breeding, and mon-
osex breeding. 

1.1.1  Traditional selective breeding 

In fish, traditional selective breeding is the classical method 
of genetic breeding. The primary objective is to screen and 
select for desirable genetic traits in individuals or groups. 
Common methods of traditional selective breeding include 
population selective breeding, pedigree selective breeding, 
parental selective breeding, and integrated selective breed-
ing. Additionally, best linear unbiased prediction (BLUP) 

has been used for rainbow trout (Oncorhynchus mykiss) [1], 
coho salmon (Oncorhynchus kisutch) [2], black sea bass 
(Dicentrarchus labrax L.) [3] and other species. 

Selective breeding has been successfully applied to en-
hance desirable traits in multiple species, including rainbow 
trout [1], silver carp (Hypophthalmichthys molitrix) [4], 
channel catfish (Ictalurus punctutatus) [5], and so on. In 
early 1919, Embody and Hyford [6] used selective breeding 
to increase survival from 2% to 69% in brook trout 
(Salvelinus fontinalis) infected with furunculosis. Similarly, 
a number of selected strains of rainbow trout have been bred 
for desirable traits, such as fast growth, increased fecundity, 
and early spawning. In China, traditional selective breeding 
is frequently applied in freshwater fish breeding. For exam-
ple, purse red carp (Cyprinus carpio var. wuyuanensis) were 
selected using a combination of population selection and 
family selection methods [7]. Xingguo red carp (Cyprinus 
carpio var singuonensis.) were obtained using population 
selection breeding [7] and Molong carp (Cyprinus carpio 
var Molong.) were obtained using a combination of com-
prehensive and directional selection [7]. A targeted group 
breeding method was used to obtain Gansu golden trout 
(Oncorhynchus mykiss) [8]. Additionally, “Pujiang No.1” 
blunt snout bream (Pujiang No.1 Megalobrama amblyceph-
ala) [9], new Gift tilapia (GIFT, Oreochromis niloticus) [10] 
and Matsuura mirror carp (Cyprinus carpio Songpu carp) [7] 
were also obtained by selective methods. Among marine 
fish, bastard halibut (Paralichthys olivaceus) [11], large 
yellow croaker (Pseudosciaen acrocea) [12], etc. [13] were 
bred using selection methods and the BLUP breeding 
method was used for the selection of turbot (Scophthalmus 
maximus) [14]. 

1.1.2  Molecular marker-assisted breeding 

Molecular markers are a direct reflection of the genetic di-
versity at the DNA level. As such, these markers have a 
number of applications, including the identification of pop-
ulation structure or commercially important traits [15,16], 
identification and cloning of genes [17], construction of 
genetic maps [18], analysis of genetic relationships [16], 
prediction of heterosis and molecular-assisted selection 
breeding [19]. A number of methods have been developed 
to obtain molecular markers, including Variable Number of 
Tandem Repeats (VNTR), Random Amplified Polymorphic 
DNA (RAPD), DNA Amplification Fingerprinting (DAF), 
Single Nucleotide Polymorphisms (SNP), Amplified Frag-
ment Length Polymorphism (AFLP), Inter-simple Sequence 
Repeat (ISSR), Simple Sequence Repeat (SSR), Sin-
gle-strand Conformation Polymorphism (SSCP), Restriction 
Fragment Length Polymorphism (RFLP) and Sequenced 
Characterized Amplified Region Marker (SCAR), and   
others [20].  

The development of molecular marker has improved the 
accuracy and efficiency of selection for specific traits. As a 
result, molecular-assisted breeding technologies are in-
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creasingly used in aquaculture. For example, genetic link-
age maps have been constructed for zebrafish [21], medaka 
[22], pufferfish [23], swordtail fish (Xiphophorus helleri) 
[24], three thorns fish (Gasterosteus aculeatus) [25], rain-
bow trout [26], Nile tilapia [27] and several other economi-
cally important fish species. These genetic linkage maps 
have been used to direct selective breeding for many traits 
[28,29]. In China, researchers have completed genome se-
quencing in common carp and have subsequently developed 
genetic linkage maps to identify quantitative trait loci 
(QTLs) [30], including those linked to muscle fiber related 
traits and cold resistance, using a BAC library [31]. BAC 
libraries have been constructed for grass carp (Ctenopha-
ryngodon idellus) [32], blunt snout bream, red crucian carp 
(Carassius auratus var.), silver crucian carp [33], half 
smooth tongue sole (Cynoglossus semilaevis Gunther) [34] 
and others. These BAC libraries lay the foundation for the 
physical map building and genome sequencing [31]. 

1.1.3  Genome-wide selective breeding technology 

Recently, researchers have decoded the genome of several 
fish species, including zebrafish (Danio rerio), medaka 
(Oryzias latipes), pufferfish (Takifugu rubripes), green 
pufferfish (Tetraodon nigroviridis), Nile tilapia (Oreo-
chromis niloticus), channel catfish (Ictalurus punctatus), 
rainbow trout, Atlantic salmon (Salmo salar), bass (Dicen-
trarchus labrax), and Atlantic cod (Gadus morhua) 
[31,35–37]. The availability of these genomic data has 
opened up a number of opportunities to advance basic re-
search and develop commercial applications. For example, 
genetic linkage maps and molecular genetic marker tech-
niques have been used to explore the location of genes as-
sociated with growth, sex decision, disease resistance, and 
other traits. Additionally, quantitative trait loci are used to 
design DNA markers for assisted breeding technology. In 
2010, Chinese researchers obtained the whole genome se-
quences of half smooth tongue sole [38], Pacific oysters 
(Crassostrea gigas) [39], large yellow croaker, epinephelus 
bleekeri (Epinephelus bleekeri), common carp (Cyprinus 
carpio) [40], and bastard halibut [31]. In 2011, researchers 
at the Chinese Academy of Sciences Institute of Aquatic 
Organisms and other research institutions also started whole 
genome sequencing of bighead carp (Aristichthys nobilis), 
grass carp, and silver carp (Hypophthalmichthys molitrix), 
species that form part of the “four famous fish” in China 
[31]. Additionally, our laboratory has basically completed 
the comprehensive genome sequencing of red crucian carp. 
The data from this latter effort are critical to improving our 
understanding of allotetraploid heredity, and will also pro-
vide important insights into ways to advance molecular ge-
netic breeding in cyprinidae. At the same time, our labora-
tory has started the whole genome sequencing of Eryth-
roculter ilishaeformis, which is one of the original parents 
of a new type of hybrid bream that is obtained by our labor-
atory and has been approved by National Certification 

Committee for Aquatic Varieties. The obtaining of the ge-
nome sequencing of Erythroculter ilishaeformis is benefi-
cial for explaining the molecular mechanism of heterosis 
and other traits of this new type of hybrid bream. In sum-
mary, genomic information allows for more rapid and com-
plete understanding of economically important performance 
traits and provides a basis for the development of new vari-
eties for aquaculture. 

More recently, next-generation sequencing (NGS) has 
been used in our laboratory to obtain transcriptome data 
from different tissues in red crucian carp, common carp 
(Cyprinus carpio L.), blunt snout bream, Xenocypris davidi 
bleeker, grass carp, and some hybrid fish (e.g., allotetra-
ploid and allotriploid). These transcriptome data are essen-
tial for comprehensive analyses of the genetic characteris-
tics of cyprinid fish and also can be used to obtain SSR and 
SNP markers which are helpful for seeking specific molec-
ular markers for selective breeding. 

1.1.4  Breeding by controlling single-sex groups 

Sex-specific differences in morphology and physiological 
function are relatively common in animals. For example, 
male and female individuals of several fish species exhibit 
differences in growth rate, maturation age, reproductive 
pattern, body color, and body size. Aquaculturists can ex-
ploit these differences by controlling the sex of fry, typical-
ly by sex reversal, to conduct monosex cultivation.  

There are two types of sex determination mechanisms in 
fish: chromosomal and environmental. In chromosomal sex 
determination, the sex is determined by genes and the sex of 
an embryo depends on its allosome composition or other 
sex-determined genes. Under environmental sex determina-
tion, sex is influenced by external factors such as tempera-
ture, humidity, and pH [41].  

Since the 1950s, researchers and culturists have tested 
the utility of hormone treatments to alter fish sex in a num-
ber of species, including Oryzias latipes, Carassius auratus 
auratus, Carassius aruatus, Cyprinus carpio, Brachydanio 
rerio, Onchorynchus mykiss, Salmo salar, Oncorhynchus 
kisutch, O. tshawytscha, Oreochromis mossambicus, Epi-
nephelus akaara, Oreochromis niloticus, Poecilia reticu-
lates Peters, Mollienisia velifera, Xiphophorous hellerii, 
Mugil cephalus, Epinephelus coioides, E. tauvina, and 
Carassius auratus gibelio [41–43]. 

The mechanism of action and efficacy of these treat-
ments varies among sex hormones. Among androgens, 
17α-methyltestosterone is most widely used as it can be 
added to the feed relatively easily. Conversely, 17β-    
estradiol and oestrone are the most commonly used estro-
gens. In one of the earliest experiments, Yamamoto [44] 
used estrogen to transform male goldfish (Carassius au-
ratus auratus) and medaka into females, which were then 
crossed with wild male fish to generate YY males. In 1975, 
Guerrero tested the efficacy of adding methyltestosterone to 
the feed to convert sex in Oreochromis aureus [45]. In our 
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laboratory, Liu et al. [46] noted that feeding fry with estra-
diol for an extended period resulted in conversion of males 
to females with only remnants of testis-like tissue on the 
ovary surface in leather moustache catfish (Clarias lazera). 
Conversely, feeding with methyltestosterone (MT) induced 
sex reversed male and hermaphrodites fish with female 
genotype. The authors subsequently acquired all-female 
offspring by self-fertilization of bisexual fish, which helped 
determine the genetic pattern of sex choice (the type of ♀
XX-♂XY) in Leather moustache catfish and raised a new 
means of obtaining homozygotes [46,47]. 

Chen et al. [48] successfully transformed gynogenetic 
Cyprinus carpio into functional male fish by feeding with 
methyltestosterone, then crossed these functional male fish 
with pure red common carp and generated all-female com-
mon carp. In addition, our laboratory [49] fed gynogenetic 
Carassius auratus cuvieri fry with MT and obtained func-
tional sex-reversed male individuals. Crossing these indi-
viduals with common female C. auratus cuvieri and female 
allotetraploid C. aruatus (♀)×Cyprinus carpio (♂), we ob-
tained all-female diploid C. auratus cuvieri and all-female 
triploid fish. The population of all-female diploid C. auratus 
cuvieri was crossed with male allotetraploid fish to generate 
triploid carp. Using this approach, we were able to eliminate 
the need to artificially remove male individuals, resulting in 
reduced costs for culturists [50]. Liu et al. [33] obtained 
functional XY female Pelteobagrus fulvidraco using hor-
mone-mediated reversal, then used gynogenesis to generate 
XX, XY and YY individuals. On this basis, Wang et al. 
isolated two pairs of Y and X chromosome-specific markers 
from yellow catfish (Pelteobagrus fulvidraco) by AFLP and 
SCAR screening, which then were applied on screening YY 
super-male individuals and thereby developed a Y- and 
X-specific allele marker-assisted sex control technical route 
for cultivating all-male populations [31,51,52]. Following 
this technical route, all-male Pelteobagrus fulvidraco with 
stable genetic traits has been approved as a novel variety 
“yellow catfish all-male No. 1” by National Certification 
Committee for Aquatic Varieties, because yellow catfish 
males grow faster than females, and generate difference in 
individual ultimate size about 23 fold. 

1.2  Integration breeding technologies 

1.2.1  Cross breeding 

The cross breeding (hybridization) of two species is one of 
the most basic methods of integrating desirable traits (e.g., 
growth rate, disease resistance). Hybridization aims to get 
improved new varieties of better growth rate, reproduction 
rate, disease resistance, yield and quality through integrat-
ing excellent parental characters, which plays an important 
role in fish breeding improvement and production value. 

The process of hybridization is divided into two catego-
ries, distant and close hybridization, based on the parental 
genetic relationship. Distant hybridization characterizes 
crosses between parents that differ by species or higher 
classifications. Close hybridization characterizes crosses 
between parents of the same species, but different strains, 
different varieties, different ecological types, or different 
populations of individuals.  

Because of the close evolutionary relationship between 
parents, close hybridization generally results in fertile hy-
brid progeny, so is commonly used in hybrid breeding. The 
most representative example of close hybridization in fish is 
the carp [53]. The intraspecific hybridization of carp has 
occurred throughout the world, resulting in multiple geo-
graphic strains or domesticated strains [53,54]. In China, 
researchers have developed 15 superior carp strains of 
common carp (e.g., Feng carp, black dragon carp, Xingde 
carp and so on [7,53,55]. In our laboratory, we have devel-
oped Yue carp, and more recently, we have obtained two 
new hybrid fish from crossing combinations of Japanese 
crucian carp and red crucian carp. The new strains not only 
integrate many desirable characteristics of their parents, 
exhibiting significant heterosis, but also have significantly 
improved fertilization and hatching rates1). Using a combi-
nation of hybridization and selection breeding, we obtained 
Hefang crucian carp which was produced by crossing fe-
male Japanese crucian carp (Carassius auratus cuvieri) with 
male red crucian carp (Carassius auratus red var.), a strain 
that has rapid growth, a desirable shape, and improved meat 
quality. We are in the process of having this strain certified 
as a national farmed fish (Figure 1). At the same time, there 
is controversy about the biological categories of Carassius 
auratus cuvieri and Carassius auratus red var., and put 
them into two different species, so hybridization between 
these two fish can also be recognized as distant hybridiza-
tion. In addition to carp hybrids, researchers at the Shanghai 
Fisheries University and other institutions have used mixed 
hybrid methods to obtain Gift tilapia, which has both 
growth and size advantages over the parent varieties [56].  

The filial generation of close hybridization places a limi-  

 

 

Figure 1  Carassius auratus cuvieri (♀)×Carassius auratus red var. (♂).

                       
1) Liu SJ, Liu Y, Xiao J, Luo KK, Tao M, Zhang C, Zhao RR. Hybridization between Japanese crucian carp and red crucian carp. PRC Patent, CN2010 1 

0291988.3, 2010-9-26 
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tation on the available genetic variability. As a result, there 
is currently increased interest in distant hybridization. Dis-
tant hybridization involves a much larger gene pool so has a 
greater potential for breeding new groups and even a new 
species [57]. Between 1558 and 1980, 1,080 species from 
56 families of fish were used in hybrid tests [58]. In the 
1950s, Chinese researchers began to experiment with distant 
hybridization, using fish from three orders (Cypriniformes, 
Perciformes, Siluriformes), seven families (Cyprinidae, 
Serranidae, Cichidae, Sparidae, Siluridae, Clariidae, 
Bagridae), more than 40 species, and >100 hybrid combina-
tions, with the majority involving Cyprinidae. 

Distant hybridization has been successfully achieved 
between different orders, including between M. amblyceph-
ala (♀) in Cypriniformes and Siniperca chuatsi (♂) in Per-
ciformes, and between Hypophthalmichthys molitrix (♀) in 
Cypriniformes and Pagrosomus major (♂) in Perciformes. 
Fingerlings were successfully hatched from these crosses, 
but these were not subsequently reared for production [59]. 
Inter-familial hybridization has been reported between per-
ciform cichlids O. aureus (♀) and Siniperca chuatsi (♂), 
with fingerling survival rates of 0.3%–0.5%, but this level is 
not adequate for production [59]. In contrast, the hybrid 
offspring of H. molitrix and Aristichys nobilis have higher 
survival and are less aggressive than their parents [60]. 
Similarly, the filial generations of O. mossambicus (♀) and 
O. niloticus (♂) have a faster growth rate than the parents 
[61]. Last, the hybrid offspring of Morone sexatilis (♀) and 
Morone chrysops (♂) males exhibit obvious heterosis [62]. 
In recent years, the domestic scientists processed much in-
terspecific hybridization of fish in Cyprinidae, Paralichthy-
idae [63], Siluridae, Sparidae, Cichlid, Percichthyidae, etc. 
[59]. 

Hybrid combinations are often chosen between different 
species, different genus and even different subfamilies in 
Cyprinidae fish. In Cyprinidae fish, common carp, crucian 
carp, black carp (Mylopharyngodon piceus), grass carp, 
bighead carp, silver carp, blunt snout bream, Xenocypris 
davidi Bleeker, Topmouth Culter (Erythroculter ilishae-
formis), etc. are often used in hybrids. Over the past several 
years, our laboratory has carried out numerous hybridization 
experiments between different subfamilies such as 
Carassius auratus red Var. (♀)×Elopichthys bambusa (♂) 
[61] and other combinations; between different genus such 
as Carassius auratus red Var. ( ♀ )×Cyprinus carpio 
Xiangjiangnensis (♂) [64] and other combinations (Table 1). 

The utilization of distant heterosis of hybridization is 
primarily limited to the F1 generation in fish at present. 
However, the ability to maintain heritable traits for multiple 
generations will be important to realize the full benefits of 
heterosis from distant hybridization. To address this need, 
we obtained an allotetraploid hybrid strain by crossing 
Carassius auratus red Var. (♀) with Cyprinus carpio 
Xiangjiangnensis (♂) [57,64], and obtained allotetraploid 

hybrid groups (4n=148) from the F1 of Carassius auratus 
red Var. (♀)×Megalobrama amblycephala (♂). After con-
tinued breeding we acquired an autotetraploid hybrid group 
from the F2 and their self-crossed progenies (F2F9, 4n=200) 
[69]. The characteristics of these two tetraploid hybrid 
strains are heritable and they can be used in the production 
of triploid fish [61]. Similarly, from the hybridization be-
tween Megalobrama amblycephala ( ♀ )×Erythroculter 

ilishaeformis (♂) and Erythroculter ilishaeformis (♀ )× 
Megalobrama amblycephala (♂), we obtained fertile male 
and female individuals in the F1 and F2 generations, which 
allowed development of an F3 generation. Subsequently, by 
using female diploid offspring of the cross between Mega-
lobrama amblycephala (♀)×Erythroculter ilishaeformis (♂) 
and backcrossing with male Megalobrama amblycephala, 
we produced a new type of hybrid bream that has rapid 
growth (20% greater than for M. amblycephala), increased 
disease resistance, improved meat quality, and desirable 
shape characteristics.  

Parent selection is an important component in the success 
of hybridization experiments. A number of factors must be 
taken into account, including the chromosome number of 
the parents, phylogenetic relationships, reproductive behav-
iors, feeding, appearance, and growth rates. It is important 
to obtain the different ploidy fish offspring with different 
special traits and through breeding to develop a variety of 
different types of excellent fish strains. After the experi-
ments of above hybridization (Table 1), the importance of 
the combination parental choice is showed ubiquitously. 
Meanwhile, each design for a good combination of distant 
hybridization research is a systematic project, and needs 
long-term unremitting efforts. 

1.2.2  Nuclear transplantation  

Nuclear transplantation involves the transplantation of a 
donor-cell nucleus into an enucleated unfertilized egg by 
micromanipulation. The new cell will continue to split and 
develop as usual. This technology can be used to break the 
reproductive isolation among species and change the mode 
of breeding. Tong [70] was the first to test the possibility of 
nuclear transplantation between conspecifics using the 
goldfish and Rhodeus sinensis Gunther, and firstly demon-
strated that nucleus of cell in mid-blastocyst of teleostean 
had totipotency to guide the enucleated eggs developing 
into embryos and adults. 

After transplantation, the success of embryo development 
is determined by the totipotency of the transplanted nucleus 
and the degree of fusion with the recipient cytoplasm. Chen 
et al. [71] transplanted the renal cell nuclei of triploid cru-
cian carp into the enucleated oocytes of diploid crucian carp 
by way of serial nuclear transfer, and obtained fertile cloned 
fish. The authors verified the totipotency of the differenti- 
ated somatic cells. Lee et al. [72] demonstrated that somatic  
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Table 1  Distant hybridization experiment in Cyprinidae 

Genetic relationship Serial number Hybridized combination Food habit combination Generation number 

Subfamily 

The parents with 
equal chromosomal 

numbers 

1 
Megalobrama amblycephala (♀) × 
 Xenocypris davidi Bleeker (♂) [65] 

(2n=48)×(2n=48) 
herbivority×omnivory F1F2 

2 
Xenocypris davidi Bleeker (♀) × 

Megalobrama amblycephala (♂) [59] 
(2n=48)×(2n=48) 

omnivory×herbivority F1 

3 
Ctenopharyngodon idellus (♀) × 

Megalobrama amblycephala (♂) [66] 
(2n=48)×(2n=48) 

herbivority×herbivority F1 

4 
Xenocypris davidi Bleeker (♀) × 

Erythroculter ilishaeformis (♂) [59] 
(2n=48)×(2n=48) 

omnivory×predacity F1 

5 
Erythroculter ilishaeformis (♀) × 
Xenocypris davidi Bleeker (♂) [59] 

(2n=48)×(2n=48) 
predacity×omnivory F1 

6 
Megalobrama amblycephala (♀) × 

Elopichthys bambusa (♂) [59] 
(2n=48)×(2n=48) 

herbivority×predacity F1 

The parents with 
unequal chromo-
somal numbers 

1 
Carassius auratus red Var. (♀) ×  

Megalobrama amblycephala (♂) [67] 
(2n=100)×(2n=48) 

omnivory×herbivority F1F9 

2 
Carassius auratus red Var. (♀) × 

Xenocypris davidi Bleeker (♂) [59] 
(2n=100)×(2n=48) 

omnivory×omnivory F1 

3 
Carassius auratus red Var. (♀) × 

Erythroculter ilishaeformis (♂) [68] 
(2n=100)×(2n=48) 

omnivory×predacity F1 

4 
Carassius auratus red Var. (♀) ×  

Elopichthys bambusa (♂) [59] 
(2n=100)×(2n=48) 

omnivory×predacity F1 

Genus 
The parents with 

equal chromosomal 
numbers 

1 
Carassius auratus red Var. (♀) × 

Cyprinus carpio (♂) [64] 
(2n=100)×(2n=100) 

omnivory×omnivory F1F24 

2 
Cyprinus carpio (♀) × 

Carassius auratus red Var. (♂) [59] 
(2n=100)×(2n=100) 

omnivory×omnivory F1F2 

3 
Megalobrama amblycephala (♀) × 
Erythroculter ilishaeformis (♂) [59] 

(2n=48)×(2n=48) 
herbivority×predacity F1F3 

4 
Erythroculter ilishaeformis (♀) × 

Megalobrama amblycephala (♂) [59] 
(2n=48)×(2n=48) 

predacity×herbivority F1F3 

 
cells from zebrafish maintained totipotency even after 
long-term culture. 

Yan et al. [73] suggested that nucleoplasm hybridization 
by nuclear transplantation can be used to facilitate crosses 
between two species that are distantly related, though the 
success of the cross is correlated with the evolutionary dis-
tance. If true, this ability may be a function of the evolu-
tionary history of fish within the animal line or a low level 
of “incompatibility” among fishes with respect to their abil-
ity to hybridize. Yu et al. [74] demonstrated that the evolu-
tionary relationship between the donor and receptor influ-
enced the ease of nuclear transplantation. The survival rate 
of nucleoplasm hybridized common carp and crucian carp 
was higher than the hybrids of grass carp and blunt snout 
bream or silver carp and blunt snout bream. 

Although there are still some problems associated with 
nuclear transplantation in fish (e.g., low survival, physio-
logical deficiency, immune deficiency), researchers have 

used this approach to successfully conduct nuclear trans-
plants between different genera, subfamilies, families and 
orders. For example, Yan et al. [75] transplanted nuclei 
from blastula cells of crucian carp, tilapia, and grass carp 
into the enucleated eggs of carp, blunt snout bream, and 
carp, respectively. The authors obtained crucian carp nu-
cleoplasm hybrids, which were of significant value for 
breeding as their excellent traits in faster growth rate, higher 
protein content and lower fat content. Additionally, Yu et al. 
[76] transplanted nuclei from the blastula cells of carp, ti-
lapia, and grass carp into the non-enucleated eggs of crucian 
carp, bream, and goldfish, respectively. Lin et al. [77] 
transplanted nuclei from the head kidney cells of crucian 
carp, Cirrhinus molitorella, and tilapia into the enucleated 
unfertilized eggs of carp. Using a combination of andro-
genesis and nuclear transplantation, Liu et al. [78] obtained 
five diploid loaches (Misgurnus anguillicaudatus) that de-
veloped from arrhenokaryon and could be bred for 2–7 
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months. 
Researchers in China have made a number of advances in 

the use of nuclear transplantation in fish. However, a num-
ber of problems still persist, such as low survival rate of 
nucleoplasm hybrid fish, physiological deficiencies, and 
immune defects in some fish. Thus, there is a need for fur-
ther study of this approach and a better understanding of the 
mechanisms controlling embryo development. Additionally, 
the means of detection of nuclear transplantation require 
improvement.  

1.2.3  Transplantation of germline stem cells and germ 
cells 

Fish germ cell transplantation is a form of cell engineering 
technology that can be used to regulate fish reproduction. 
Primordial germ cell (PGC) transplantation technology was 
first applied successfully in chickens [79], and has since 
been used in chickens, goats, and pigs [80–82]. In fish, 
Takeuchi et al. [83] developed the first PGC transplantation 
system in 2003. Hong et al. [84] successfully used adult fish 
testis to develop a normal medaka spermatogonial stem cell 
line (SG3) that had the ability to produce spermatozoids. 
This not only confirmed that adult spermatogonial cells had 
the ability to form cell lines, but also provided a new way to 
obtain germline stem cells and simplified the fish germ cell 
transplantation program. In 2006, Okutsu et al. [85] devel-
oped a spermatogonial transplantation system of rainbow 
trout. In 2009, Yi et al. [86,87] established haploid ES cell 
lines from medaka gynogenetic haploid embryos, and then 
created the semi-cloned female medaka which shows nor-
mal fertility by using the semi-cloning technology. Cur-
rently, most germ cells used for transplantation are derived 
from juvenile and adult males in a process that typically 
involves harvest of PGCs in spermatogonial stem cells or 
spermatogonia. Fish reproductive cell transplant methods 
can be divided into three categories: intraspecific transplan-
tation of fish germ cells, interspecific transfer of fish repro-
ductive cells, and transplantation of germ cells into a sterile 
triploid receptor. 

The intraspecific transplantation of fish germ cells is 
primarily used in studies of fish germ cells and reproductive 
development mechanisms. Nobrega et al. [88] observed 
spermatogenesis and oogenesis after transplant of zebrafish 
spermatogonial stem cells to male and female zebrafish, 
respectively, thereby demonstrating that germ cell differen-
tiation is affected by the environment. In 2004, Takeuchi et 
al. [89] transplanted rainbow trout PGCs to O. masou and 
obtained O. masou gametes that developed normally. Simi-
larly, Majhi et al. [90] transplanted germ cells from Odon-
testhes bonariensis to mature O. hatcheri and obtained via-
ble sperm within 6 months of the transfer. In these instances, 
the parent PGCs reached sexual maturity more rapidly and 
differentiated to sperm faster than the donor’s own in the 
heterologous receptor.  

Using an alternate approach, Okutsu et al. [91] obtained 

O. masou that could produce 100% rainbow trout offspring 
following transplant of homozygous orange rainbow trout 
mutant germ cells into sterile triploid O. masou. 

Fish reproductive stem cell and germ cell transplantation 
methods have opened up new possibilities for the protection 
and restoration of endangered germplasm resources and 
genetic breeding. However, there remains a need for more 
theoretical and practical understanding of the mechanisms 
to decrease the development time between laboratory and 
commercial application. 

1.2.4  Artificial gynogenesis and androgenesis 

(1) Artificial gynogenesis technology.  Gynogenesis refers 
to a form of reproduction in which the eggs are activated by 
sperm and the development of zygotes is controlled by mat-
rilineal genes. Gynogenesis can be divided into natural and 
artificial gynogenesis. To date, natural gynogenesis has 
been documented in at least 10 species, including Poecilia 
formosa, Menidia clarkhubbsi, and Misgurnus anguilli-
caudatus [92]. It should be noted that Carassius auratus 
gibelio were cultivated by Chinese aquaculture researchers 
according to the reproductive mode of natural gynogenesis 
in Heilongjiang Fangzheng silver crucian carp [93]. Our 
laboratory has obtained bisexual fertile natural gynogenetic 
red crucian carp from the offspring of red crucian carp (♀) 
and M. amblycephala (♂). These natural gynogenetic red 
crucian carps have been stably bred for many generations. 
The formation of bisexual fertile natural gynogenetic red 
crucian carp will allow development of a new strain of 
Carassius auratus [94]. 

Artificially induced gynogenesis refers to a breeding 
technique that uses inactivated sperm to activate eggs. The 
development of zygotes is controlled by maternally derived 
genes. For fish species with female homogamety, artificially 
induced gynogenetic progeny are all females. In the process 
of artificial gynogenesis, heterogenous spermatozoas are 
usually used to induce the development of eggs. Artificial 
gynogenesis can purify genetic material of gametes and 
result in new genetic material and new genetic traits as a 
result of allogynogenesis. In summary, gynogenesis can be 
used to control the sex of fish and obtain pure inbred lines 
to purify and rejuvenate the fish species. 

Artificially induced gynogenesis has been carried out in 
common carp, carassius auratus gibellio, grass carp, rare 
minnow (gobiocypris rarus), blunt snout bream, large yel-
low croaker, sterlet (Acipenser ruthenus), tilapia, rainbow 
trout, Atlantic halibut (Hippoglossoides platessoides), Eu-
ropean seabass (Dicentrarchus labrax), south flounder 
(Paralichthys lethostigma), turbot (Scophthalmus maximus), 
bass (Perca fluviatilis), Esox masquinongy and >100 other 
fish species [92,95]. Gynogenetic strains of red sea bream 
(Pagrosomus major), rainbow trout, weever (Lateolabrax 
japonicus), calico salmon (Oncorhynchus keta), olive 
flounder (Paralichthys olivaceus) have subsequently been 
used in production settings [96–102]. 
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Our group has developed gynogenetic strains from natu-
ral origin red crucian carp, Carassius auratus cuvieri, gold-
fish, common carp, orange ornamental carp (Cyprinus car-
pio), grass carp, Erythroculter ilishaeformis, Xenocypris 
davidi Bleeker, and artificially cultivated strains including 
tetraploid hybrids of common carp with red crucian carp 
and tetraploid hybrids of red crucian carp with blunt snout 
bream [103–107]. We have developed gynogenetic strains 
of red crucian carp, Japanese crucian carp, and goldfish 
following activation using heterogenous sperms (M. ambly-
cephala). These gynogenetic strains have a higher survival 
rate and are easily identified. The combination of artificial 
gynogenesis and sex reversal technology sets the stages for 
the production of all-female diploids and triploids [103,104]. 
It is worth noting that Zhang et al. [105] have built dis-
ease-resistant gynogenetic strains of grass carp by the acti-
vation of inactivated sperm of tetraploids. These gynoge-
netic grass carp demonstrate that gynogenesis can be used 
to obtain all-female individuals that have desirable genetic 
traits. Lived artificial gynogenetic fish have strong re-
sistance and tolerance, which is due to the process of selec-
tion, such as cold shock and the inactivated genetic material 
of sperm. The survived fish that underwent the adversity 
were easy to obtain traits that resist harsh conditions. Liu et 
al. [106] have obtained diploid gynogenetic offspring by 
using the diploid eggs from allotetraploid hybrids by gyno-
genesis without chromosome-doubling treatment. Through 
long- term research, we established a strain of diploid gy-
nogenetic hybrids (G1–G8) that were able to produce fertile 
diploid eggs. This strain is not only a model for research 
into the mechanism of diploid gamete formation, but also 
can provide high-quality diploid eggs for developing new 
types of modified tetraploids. Our laboratory has obtained 
improved allotetraploid hybrids by fertilizing diploid eggs 
from the diploid gynogenetic hybrids with diploid sperm 
from allotetraploid hybrids, an important step in the mass 
production of improved triploid fish. 

The artificial induction of gynogenesis in fish has a wide 
range of applications from theoretical research to commer-
cial production. However, the methods used to date have 
low survival rates and complex identification of gynogenet-
ic fish. Recent improvements in methods of inactivating 
sperm and doubling egg chromosomes have improved the 
survival rate of gynogenetic fish. Furthermore, research 
suggests that using sperm from distant fish can improve the 
survival rate of gynogenetic fish and simplify their identifi-
cation. We have obtained gynogenetic crucian carp using 
sperm from blunt snout bream. This variety has higher sur-
vival rate than gynogenetic crucian carp created using 
common carp sperm, and is more easily identified [103]. 

(2) Artificial androgenesis technology.  In contrast to 
gynogenesis, androgenesis involves the use of genetically 
inactivated eggs and normal sperm to form a “zygote”. The 
“zygote” develops into an individual that is primarily under 

the control of nuclear genetic material from the sperm. The 
steps involved in the artificial induction of androgenesis and 
gynogenesis are similar, and include the inactivation of gy-
nogenesis genetic material and the induction of diploid an-
drogenesis. This method has been used for the rapid estab-
lishment of pure lines, to determine mechanisms of sex de-
termination, to create unisexual populations, and for the 
protection of endangered fish [92]. 

Natural androgenesis individuals are rare in nature but 
occur in the hybrid offspring common carp (female) and 
grass carp (male) [108]. The artificial induction of andro-
genesis fish has primarily been attempted in O. mykiss, 
Platichthys flesus, Salvelinus japonicus, Oreochromis nilot-
icus, Danio rerio, Oncorhynchus masou, Ctenopharyngo-
don idellu, Esox reticulatu, Misgurnus anguillicaudrus, 
Pelteobagrus fulvidraco, and so on [92,109–111]. It is 
worth noting that because male tilapia grows more rapidly 
than female tilapia, androgenesis could be used to rapidly 
obtain super-male individuals with a male nucleus (YY). 
Then, crossing with normal female (XX) hybrids would 
yield all-male tilapia (XY) offspring. 

To date, haploid sperm has been rarely used to induce ar-
tificial androgenesis in fish for industry. The primary limit-
ing factor is the difficulty in inactivating the DNA in the 
egg and the negative impact on the sperm nucleus genome 
resulting from artificial doubling of androgenesis individual 
embryos and later life activities that lead to a low rate of 
individual survival in androgenesis. The use of tetraploid 
fish, with two sets of chromosomes in the diploid sperm, for 
artificial androgenesis would yield diploid androgenetic 
offspring without the need for chromosome-doubling treat-
ment, thereby improving the success rate of androgenesis. 
Indeed, researchers have carried out androgenesis using 
diploid sperm that was produced by artificial tetraploid 
rainbow trout and natural tetraploid loach without chromo-
some-doubling treatment, and obtained diploid androgenetic 
fish that have higher survival rate than those when using 
haploid sperm [112–114]. 

We have successfully obtained bisexual fertile diploid 
androgenetic fish (A0) using diploid sperm produced by 
allotetraploid hybrids, without male nuclear chromo-
some-doubling treatment. Diploid androgenetic fish were 
self-crossed to obtain bisexual fertile tetraploids. When 
compared with ordinary allotetraploid hybrids, the new-type 
tetraploid fish exhibited significant growth advantages and 
increased disease resistance [115,116]. Additionally, using 
diploid sperms produced by autotetraploid males, we ob-
tained super-male diploid fish from offspring that can pro-
duce unreduced diploid sperm. Subsequent crossing with 
haploid or diploid eggs yields all-male triploid and tetra-
ploid fish, respectively. The all-male tetraploid fish can be 
used for the subsequent production of triploid fish, elimi-
nating the artificial selection steps needed to produce 
all-male fish, reducing the cost and improving breeding 
efficiency. 
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1.2.5  Polyploid breeding 

Polyploids contain three or more complete chromosome sets, 
which are widespread in plants and animals and are im-
portant for speciation [117]. Polyploid breeding refers to 
doubling cell genomes by artificial or natural mutagenesis 
to produce polyploid individuals, and then selected and fos-
tered by persons to meet requirements. Fish genomes have 
greater plasticity, and could be doubled, so research about 
fish polyploidy is flourishing. 

Triploids typically exhibit rapid growth, strong resistance, 
and high yield, so are of high economic value [118]. Addi-
tionally, the majority of allotriploid fish are infertile, which 
reduces issues associated with diversion of energy to ga-
metic growth, mixing of genetic lines, and interbreeding 
with wild stocks. 

Triploids are primarily produced using one of two meth-
ods: by direct induction or by the hybridization of tetraploid 
parent groups and hybrid triploids to produce diploid groups. 
Using the first method, it is difficult to guarantee a high 
proportion of triploids in offspring. In contrast, the second 
method yields more predictable results. 

Currently, the methods used to induce polyploidy fall in-
to one of three categories: biological, physical, and chemi-
cal. Biological methods include hybridization, nuclear 
transfer, and cell fusion. Physical methods include temper-
ature shock, hydrostatic pressure, and high-salt and high- 
alkaline electric shock treatment. Chemical methods involve 
the use of different chemicals (e.g., cytochalasin, caffeine, 
polyethylene glycol, colchicine, 6-dimethyl aminopurine) to 
induce embryonic polyploidy. 

Physical and chemical methods artificially induce poly-
ploidy work by inhibiting the exclusion of the first or sec-
ond polar body in the oocytes or inhibiting the first cleavage 
of zygotes [117]. Gui et al. [119] succeeded in inducing 
triploid Carassius auratus transparent colored var. by hy-
drostatic pressure. Similarly, Chen et al. [120] used hydro-
static pressure to prevent loss of the second polar body of 
zygotes and obtain triploid fry in Cynoglossus semilaevis 
Gunther. Hybridization is one of the most commonly used 
biological methods to induce polyploidy in fish. Wu et al. 
[121] crossed the female descendants of Cyprinus carpio 
(♀)×Carassius auratus (♂) with male mirror carp (Cypri-
nus carpio) and obtained triploid carp. The proportion of 
triploid offspring is often low and variable using these 
methods; therefore they are not widely used. 

Interestingly, Carassius auratus gibelio is a naturally 
occurring triploid that differs from the other single-sex line 
gynogenetic species as a certain proportion is males, mak-
ing them a triploid amphoteric group. When Carassius au-
ratus gibelio eggs are activated by heterogeneous sperms, 
the offspring are all females. Using molecular marker tech-
nology, Gui and Zhou [122] developed different clonal 
strains of Carassius auratus gibelio. Using these clone lines, 
the researchers obtained a novel clone A+ with obvious 
growth advantage by sexual mating between clone D female 

and clone A male in polyploid gibel carp. Genetic composi-
tion analysis showed that clone A+ was a nucleo-      
cytoplasmic hybrid between clones A and D, because its 
entire nuclear genome was from the paternal clone A and its 
mtDNA genome (cytoplasm) was from the maternal clone 
D [123]. Therefore, the formation of clone A+ was suggest-
ed to be the androgenesis of clone A sperm in clone D oo-
plasm. Significantly, selected female in clone A+ still pos-
sessed gynogenetic ability, and then produced a novel clone 
variety “CAS III” which had been approved by National 
Certification Committee for Aquatic Varieties. This new 
variety has been cultured throughout China [123]. 

Researchers have used heat shock to obtain tetraploid 
rainbow trout [124], channel catfish [125], tench (Tinea 
tinea L.) [126], and loach [127]. Similarly, hydrostatic 
pressure was used to obtain tetraploid tongue sole (Cyno-
glossus semilaevis. Günther) [128] and a combination of 
hydrostatic pressure and cold shock was used to obtain tet-
raploid Oreochromis spp [129] and Carassius auratus 
transparent colored var. (C. auratus) [130]. Zou et al. [131] 
successfully obtained autotetraploid Megalobrama ambly-
cephala by heat shock inhibition of first cleavage of the 
zygote derived from self-crosses of Pujiang No. 1 M. am-
blycephala. While using hybridization to obtain tetraploid 
fish, Gui et al. [132] noted the occurrence of a small number 
of tetraploid individuals in an artificially cultured popula-
tion of C. auratus gibelio. The chromosomes in these indi-
viduals were derived from silver crucian carp and fused 
with a set of haploid chromosome from C. carpio var. 
However, these authors were unsuccessful at obtaining a 
bisexual fertile tetraploid fish population, so these ap-
proaches have not been applied to the production of trip-
loids.  

Beginning in the 1970s, our laboratory experimented 
with hybridization between red crucian carp (♀, 2n=100) 
and common carp (♂, 2n=100) and noted the presence of 
some fertile diploid individuals in the F1 hybrids. Using 
these, we obtained the F2 generation, and in the F3 (4n=200 
or 2n=4X=200) we obtained tetraploid hybrids, called al-
lotetraploids [57,64]. This allotetraploid population has a 
stable genetic characteristic and we have since continued 
breeding this to the F24 generation. Thus, we are able to 
mass-produce infertile triploid fish. Currently, we produce 
infertile triploid fish by crossing allotetraploid male carp 
and diploid female crucian carp. Infertile triploid carps are 
in demand by culturists because they have significant social, 
economic, and ecological benefits. The allotetraploid carp 
populations have heterosis of genetic stability and charac-
teristics that are needed [57] to form a new species. Tetra-
ploid crucian carp also provide an important research model 
to evaluate the origin and evolution of polyploid fish. 

The red carp have 100 chromosomes whereas M. ambly-
cephala have 48 chromosomes. Using red carp as a female 
parent and Megalobrama amblycephala as a male parent, 
we carried out a hybridization experiment [67,133]. We 
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obtained fertile allotetraploid and infertile triploid F1 hy-
brids. The fertile allotetraploid was able to produce two 
types of gametes concurrently, one type having 148 chro-
mosomes and the other having 100 chromosomes. To date, 
we have cultured nine generations of autotetraploid progeny 
by self-crossing and have formed a stable autotetraploid line. 
Autotetraploids (4n=200) are used to produce triploid hy-
brids by crossing with red carp for use in aquaculture [69]. 
The first generation of tetraploid crucian carp bream (♀, 
4n=148) was backcrossed with its female parent M. ambly-
cephala (♂, 2n=48) to obtain a pentaploid hybrid (5n=172). 
A backcross of the pentaploid with its male parent red carp 
yielded a new pentaploid hybrid (5n=198). 

Research in our laboratory has also yielded triploid 
(3n=124) and tetraploid (4n=148) hybrids from distant hy-
bridization between Carassius auratus red var. (♀, 2n=100) 
and Xenocypris davidi (♂, 2n=48) and diploid (2n=74), 
triploid (3n=124), and tetraploid (4n=148) hybrids from 
distant hybridization between Carassius auratus red var. 
(♀, 2n=100) and M. amblycephala (♂, 2n=48) [68]. In the 
progeny of distant hybridization between grass carp (♀, 
2n=48) and blunt snout bream (♂, 2n=48), we detected dip-
loid (2n=48) and triploid (3n=72) hybrids [66].  

Liu [134] summarized the experiments and achievements 
in fish distant hybridization in about 20 years, and wrote 
Fish Distant Hybridization. This book systematically de-
scribed the processes and mechanism of the formation of 
autotetraploid and allotetraploid fish, and also described the 
processes and mechanism of new diploid varieties by using 
distant hybridization and the merits and value of triploid 
fish in production and applications. 

1.3  Modification breeding technologies 

The essence of fish genetic breeding is a cyclic process, 
involving the selection or development of variable strains 
from stable strains, and then the culture of stable strains 
from variable strains. The ideal mutant strains are rapidly 
obtained by reasonable trait transformation methods, and 
decide the efficiency and effectiveness of fish genetic 
breeding. Transgenic breeding is an effective means of trait 
transformation that can be used to rapidly acquire new var-
iant strains. 

Transgenic fish are a category of fish that were devel-
oped using gene transfer technology whereby a foreign gene 
is incorporated into the genome of the recipient fish and it 
can be passed on to future generations. Fish are a relatively 
primitive vertebrate taxa, with large genetic plasticity and 
fecundity. Furthermore, the eggs can easily be developed in 
vitro so can be micro-manipulated.  

The earliest reported study of transgenic fish was by a 
Chinese researcher who developed the world’s first trans-
genic fish in 1985 [135]. Since then, the team led by Zhu 
has developed a number of transgenic fish models, and has 

laid a theoretical foundation for fish gene transfer research 
and development. Subsequently, a number of countries have 
experimented with transgenic fish, developing transgenic 
medaka, coho salmon, rainbow trout and others [136–139]. 

A feature of transgenic technology is the introduction of 
exogenous genes into the recipient fish. Using this approach, 
it is possible to obtain new varieties that have desirable and 
predictable traits. Traditional genetic breeding requires re-
peated breeding over many generations whereas transgenic 
technology can cut the time course of evolution and create 
new breeds or strains in a short time (single generation). 

At present, the application of fish transgenic technology 
in fish genetic breeding centers around three needs. The first 
is the cultivation of high-yield varieties that have increased 
growth rate and food conversion rates. The second is the 
cultivation of resistant strains (disease, cold). The third is 
the basic study of the mechanisms of animal growth, de-
velopment, reproduction and other life activities. 

With respect to the cultivation of high-yielding varieties, 
Zhu [140–142] obtained transgenic carp that had individual 
growth rates 3–4 times faster than the original control. 
Likewise, a cooperative effort between our laboratory and 
the Sciences Institute of Chinese Academy of Aquatic Or-
ganisms developed transgenic allotetraploid hybrids that 
were transfected with the fish growth hormone gene using a 
microinjection technique. These transgenic tetraploids ex-
hibit a rapid growth rate and strong disease resistance [143]. 
Additionally, Feng et al. [144] successfully transferred a 
black carp recombinant growth hormone gene into trans-
genic allotetraploids by microinjection. The transgenic fish 
had a growth rate that was 2.65 times faster than the control 
group. In summary, transfer of fish growth hormone genes 
appears to yield significant growth-promoting benefits. In 
addition to growth hormone genes, researchers have ex-
perimented with the transfer of genes promoting resistance 
to factors such as cold, disease, and hypoxia. Fletcher et al. 
[145] transferred an antifreeze protein gene from winter 
flounder (Pseudopleuronectes americanus) into Atlantic 
salmon, so that the Atlantic salmon had increased resistance 
to low temperature before entering salt water. A number of 
genes are known to increase disease resistance in fish, in-
cluding interferon and lysozyme genes. Transfer of these 
genes has been associated with increased survival by im-
proving disease resistance, resulting in improved yield [146]. 
Dunham et al. [147] demonstrated that transfer of the ce-
cropin B gene to channel catfish enhanced immunity against 
pathogenic bacteria. Mao et al. [148] found that some ge-
netically modified grass carp anti-aeromonas’ hydrophilia 
capacity significantly increased by transferring recombinant 
plasmid containing the human lactoferrin into the grass carp. 
The transfer of genes coding for increased resistance ap-
pears to improve the ability of transgenic fish to cope with 
their environment. These new varieties will significantly 
improve the efficiency of fish farming. 
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Transgenic breeding has been frequently used to quickly 
establish new variant strains. However, concerns over 
bio-safety/security have prevented these strains from enter-
ing the mass production application stage [139]. To address 
these concerns, research will likely focus on the develop-
ment of transgenic sterile triploid fish. Additionally, the 
application of “whole fish” genes as exogenous genes for 
transgenosis would reduce the food safety risks of trans-
genic fish. To date, efforts by our laboratory and the Sci-
ences Institute of Chinese Academy of Aquatic Organisms 
have resulted in two generations of transgenic triploid carp 
(positive fish) and non-transgenic triploid carp (negative 
fish), by mating between Yellow River carp (C. carpio) 
transfected with diploid grass carp growth hormone gene 
and improved allotetraploid crucian carp. We have since 
collected data on the growth, reproductive and develop-
mental characteristics of these two triploid carp, providing 
important baseline information for the industrialization of 
trans-growth-hormone gene carp [149]. 

2  Deficiencies and future of fish genetic breed-
ing  

After years of efforts, there has been significant progress, 
evidenced by the establishment of hybrid, ploidy, cell nu-
clear transfer, chromosome engineering, and genetic engi-
neering technologies. These efforts have significantly im-
proved the productivity of the aquaculture industry and in-
creased the genetic diversity of fish.  

On the whole, however, good varieties of the main aq-
uaculture fish are comparatively few. One of the primary 
reasons is that the contact between basic research of fish 
genetic breeding and the breeding practices is not close 
enough. How to quickly apply these new technologies to 
genetic breeding practices is another question. In addition, 
conventional cellular engineering technologies, such as dis-
tant hybridization and artificial gynogenesis, have been 
proved to be effective methods, but new varieties obtained 
by using these methods are limited, because of the demands 
for good conditions (larger aquaculture sites and perfect 
aquaculture facilities) and systematic detection methods of 
genetic breeding. Nevertheless, it is promising to resolve the 
above issues and stick to targeted research with long-term 
unremitting efforts in these aspects. Thus, there is a need to 
link basic research with industry demand and integrate the 
use of genetic breeding techniques into the industry. Addi-
tionally, there is a need to foster a climate of innovation to 
accelerate development of new technologies. 
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