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ABSTRACT 

Surrogate propagation is a systematic approach to producing donor-derived gametes using germline 

chimeras. In fish, the use of germline chimeras to study the development of germ cells was first 

conducted in the 1990s in the model fish species medaka (Oryzias latipes) and zebrafish (Danio 

rerio). More recently, surrogate propagation has been actively investigated as a means of efficient 

gamete production not only in model fish species but also in aquaculture species and endangered 

species. Surrogate propagation has the following components: combination of the donor and host 

species, host sterilization, donor cell preparation, transplantation of germ cells, and gametogenesis 

and gamete production in surrogate fish. In this review, we first provide a general overview of 

previous studies related to germ cell transplantation and the methodologies developed for different 

species, and consider how these have been applied in practice. Second, we consider the development 

of primordial germ cells in fish embryos, particularly the molecular biological approaches used for 

the visualization of germ cells and sterilization of host embryos. Finally, we discuss sex control in 

germline chimeras, which may be a key component of the use of surrogate production in 

aquaculture. We focus on techniques to produce sterile fish, as these are crucial to the exclusive 

production of donor gametes in a surrogate host. The advantages and disadvantages of various 

aspects of surrogate propagation are discussed, the potential use of surrogate propagation as a 

seedling production system is considered, and future perspectives for aquaculture are suggested. 
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1. Introduction 

Genetic resources conservation in fish has been mainly conducted through sperm 

cryopreservation. Fish eggs contain yolk granules as nutrients for embryo development, but the 

fairly large size of eggs contributes to difficulties in cryopreservation. Reviving species by sperm is 

partial because mitochondrial DNA is only inherited from the eggs, whereas surrogate propagation 

can regenerate a complete species from cryopreserved gonads or germ cells. Surrogate propagation 

is therefore a promising technique to regenerate the genetic traits of endangered and commercially 

valuable species. Since surrogate propagation in model fishes and some aquaculture species have 

been extensively studied over the past two decades, knowledge in this area has continuously 

improved. These efforts are beginning to pay off in the form of practical applications at present (e.g., 

seedling production of Takifugu rubripes using the T. niphobles host for farming in Japan and the 
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production of surrogate parents for the regeneration of huge endangered sturgeons using small-size 

sturgeon, sterlet (Acipenser ruthenus), in the Czech Republic, which will be discussed later). 

Although the positive aspects of this new technique have been investigated in several papers and 

reviews, there are many technical and biological limitations faced in surrogate propagation, which 

include the type of egg used, chorion, size of embryos, and the gene database that can be used for 

developing molecular tools. Additionally, the availability of usable host species and the skill 

required to propagate and effective sterilization of the host species are other limitations currently 

being faced by scientists attempting surrogate propagation. Because the techniques proposed in 

previous studies to induce germline chimeras are complicated and require delicate and technical 

manipulation, appropriate methods need to be developed and optimized before applying them to a 

target species. In this review, we overview the development of methods for the production of 

germline chimeras from research performed in other animals prior to the establishment of surrogate 

production in fish. We discuss the techniques developed in fish species and their advantages and 

disadvantages for obtaining donor-derived gametes; we also as provide practical examples of 

xenogeneic and allogeneic germline chimeras that have already been discussed in existing literature. 

We summarize the early development of germ cells, especially during embryonic development, to 

deepen the understanding of the biological basis of surrogate propagation. Finally, we pose a 

question on the current situation of surrogate propagation in terms of risk management and present 

the potential of the effective utilization of fish surrogacy for future aquaculture and genetic resources 

conservation in fish. 

 

 

2. Surrogate production in other organisms 

The term grafting is used to describe the technique of connecting two individual plants 

into a single individual, and it is widely used in many practical applications in agriculture [1]. In 

biological terms, chimerism is synonymous to grafting in animals. In animals, germline chimeras, 

which have germ cells of a genetically different donor in the gonad, can be used to generate 

offspring derived from the donor cells. As with grafting in plants in agriculture, the use of germline 

chimeras has great potential in aquaculture applications. For example, germline chimeras can be 

produced between species or strains with different characteristics: 1) the gametes of a large fish 
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species might be produced in a smaller species, thereby requiring less space; 2) the gametes of a 

species that have a long maturation period can be produced in species with a shorter period for 

producing gametes; 3) when the gene bank for donor gamete production becomes available, the 

subsequent regeneration of the donor species will occur.  

 In animals, transplantation techniques have been developed to produce chimeras for use 

in studies on embryonic development and developmental biology. For example, Spemann and 

Schotté (1932) transferred embryonic tissues between frogs and salamanders to study the induction 

ability of these tissues [2]. Similarly, Le Douarin and Teillet (1973) transferred quail and chicken 

cells during embryonic development to take advantage of their differences in staining properties in 

histological sections as a means to trace the positions of the transplanted cells [3]. In Drosophila, 

Technau and Campos-Ortega (1986) produced germline chimeras to study the developmental fate of 

pole cells [4]. Similar experiments were also performed in frog [5,6]. The objective of Blackler’s 

(1962) study was to examine germline development; to this end, he transplanted migrating 

primordial germ cells (PGCs) by exchanging the endodermal regions of Xenopus laevis and Xenopus 

victorianus. The experiment confirmed the germline transmission of transplanted cells to the next 

generation.  

More recently, reproductive engineering using interspecific chimeras has been conducted 

in mammals. Fehilly et al. (1984) produced sheep–goat chimeras by fusing early-stage embryos to 

overcome the reproductive barrier between sheep and goats [7]. Germline chimeras have been 

produced in mammals to investigate gamete production. For example, rat or hamster spermatogonia 

have been transplanted to the seminiferous tubules of sterilized male nude mice that have defective T 

cell functions, including xenograft rejection; analysis of the mice shows that donor gametes are 

generated in the xenogeneic host following the completion of the entire process of germ cell 

proliferation and differentiation [8-10]. This approach has also been extended to other mammalian 

species, such as pig, goat, and rhesus monkey [11-13]. Primordial-stage follicles from mice have also 

been demonstrated to develop under the support of rat granulosa cells, and they are capable of 

differentiating into functional oocytes in the xenogeneic environment of the rat ovary. Moreover, these 

oocytes can be fertilized and can start embryonic development normally [14].  

In chicken, PGCs can be isolated during embryonic development from the blood or 

gonadal tissues [15,16]. Transplantation of isolated PGCs into host embryos can generate germline 
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chimeras, even between different species. To date, many studies have been performed to improve 

reproduction in birds, with a particular focus on poultry. Xenogeneic germline transmission has been 

confirmed across genera (common pheasant to chicken), families (chicken to guinea fowl), and 

orders (duck to chicken, and houbara bustard [Chlamydotis undulata] to chicken). However, a 

successful transmission has only been accomplished in males; the complexity of oogenesis and the 

incompatibility between species may have precluded success in females (reviewed by [17]). 

 

3. Surrogate production in fish 

Germ cell transplantation studies have been performed in fish species with the aim of 

improving aquaculture productivity through surrogate production. Several transplantation methods 

have been developed and tested for the production of germline chimeras in fish (Figure 1). These are 

described below.  

 

3.1. Germ cell transplantation methods based on experimental embryology 

 In fish, germline chimeras were first reported in zebrafish. In this study, blastomeres of 

wild-type zebrafish were randomly aspirated into a glass needle, as the location of the germplasm in 

blastula-stage embryos were not yet established (Figure 1A). The blastomeres were then transplanted 

into the host embryos of albino zebrafish at the same developmental stage. As a consequence of the 

uncertainty of the location of the germplasm, PGCs plus somatic cells were transplanted into the 

embryos. Donor-derived germ cell transmission to the next generation was evaluated by the presence 

of pigmentation in offspring. A similar approach was applied in studies using medaka [18], trout 

(Oncorhynchus mykiss)[19], loach (Misgurnus anguillicaudatus)[20], and pikeperch (Sander 

lucioperca) [21]. Blastomere transplantation (BT) was also used to generate maternal-zygotic 

mutants in zebrafish [22] and medaka [23]. However, the efficiency of donor germ cell transfer was 

low and varied among experiments: 11.9%–17.9% in zebrafish, 29.9% in medaka, 31.6% in trout, 

and 25% in loach and pikeperch. Recently, Li et al. (2016) optimized the BT technique in medaka by 

using PGC-boosted donors and sterile hosts, and they were able to improve efficiency to nearly 

100% [24]. Yoon et al. (1997) successfully identified the location of PGCs in zebrafish by using 
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whole-mount in situ hybridization (WISH) with vasa transcripts [25]. This analysis indicated that 

PGCs are located at the marginal region of the blastodisc at the blastula stage. Using this 

information, Yamaha et al. (2001) successfully transferred the PGC-containing lower part of the 

blastodisc of a donor embryo into a host blastula-stage embryo (blastoderm transplantation [BdT]) to 

improve the efficiency of PGC transfer [26]. The technique used in this study was originally 

developed for examining patterning during fish embryonic development [27,28]. The methodology 

used by Yamaha et al. (2001) yielded landmark results in the field of fish surrogate production, as it 

enabled the production of xenogeneic fertile germline chimeras between crusian carp (Carassius 

carassius) and goldfish (Carassius auratus) [26]. The BdT approach gave donor-derived gametes 

from all chimeras analyzed. Using the BdT technique with sterile hybrid recipients, Yamaha et al. 

(2003) confirmed mono-sex and donor-sole gamete production [29]. In this study, goldfish PGC-rich 

blastula fragments (genetically female, XX) were transplanted into sterile male (XY) hybrid 

embryos from a cross between female (XX) goldfish and super-male (YY) common carp; donor-

derived sperm was produced following maturation of the transplanted embryos. The donor goldfish 

PGCs (XX) underwent sex reversal and differentiated into sperm in the male hybrids. However, the 

BT and BdT methodologies cannot be used to produce germline chimeras when the donor and host 

species are distantly related. Saito et al. (2010) demonstrated that zebrafish embryos transplanted 

with goldfish or loach (Misgurnus anguillicaudatus) blastomeres showed severe malformations 

because of donor cell aggregation; this effect may be due to differences in cell affinity between 

donor and host cells [30]. To overcome this problem, Saito et al. (2008) labeled PGCs by injecting 

GFP-nos3 3’UTR mRNA into donor eggs, which dissociated embryonic tissues with enzymatic 

digestion, and then selected and transplanted a single PGC into a sterilized host embryo under a 

fluorescence stereomicroscope [31]. With this single PGC transplantation (SPT) approach, germline 

chimeras were produced between unrelated species—for example, pearl danio to zebrafish—and 

between different genera (goldfish to zebrafish) and families (loach to zebrafish). Thus, a 

transplanted PGC from goldfish and loach could migrate to the genital ridge of zebrafish embryos 

without inducing any malformations. These xenogeneic germline chimeras also developed normally 

with high PGC transfer efficiency (more than 40%). Moreover, donor-derived sperm was obtained in 

all combinations tested. Interestingly, a single PGC was sufficient for gonad formation and 

gametogenesis when transplanted into a sterile host. Similar transplantation experiments have since 

been performed for many fish combinations with a variety of phylogenetic relationships [32,33]. 

Moreover, the SPT method can provide experimentally a unique condition in which each gonad has 

germ cells originating from different donors (Fig. 2). A summary of these experiments is presented 
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in Table 1. This information will benefit researchers in terms of understanding how phylogenetic 

differences affect surrogate propagation in fish. However, the methodologies have some limitations. 

BT, BdT, and SPT involve dechorionation of eggs and require expertise in micromanipulation. PGC 

transplantation using these methods must be undertaken during a short window in embryonic 

development, and it can only be used for species for which embryonic manipulation techniques have 

been developed, such as model fish species (e.g., zebrafish, medaka, goldfish, and loach). However, 

as such techniques are not available for most marine fish species, PGC transplantation cannot be 

utilized; this is particularly the case for species in which dechorionation and embryonic manipulation 

are extremely difficult. Nevertheless, BT, BdT, and SPT offer the advantage of traceability of donor 

PGCs after transplantation if PGCs are labeled with a fluorescent marker. 

 

3.2. Germ cell transplantation methods based on reproductive biology 

 Takeuchi and colleagues (2004) developed an innovative approach for the transplantation 

of PGCs that avoided the complexity of BT [54]. They isolated PGCs from the genital ridge of 

newly hatched trout embryos and transplanted the cells into the peritoneal cavities of host salmon 

embryos at the same stage as the donor (Fig. 1A). They termed this approach peritoneal cavity 

transplantation (PCT), and they obtained 13.5% female and 17% male normal germline chimeras 

that produced donor-derived gametes. Although the success rate of germline chimera production 

using this method was not as high as that previously reported for BT, BdT, and SPT, PGC 

transplantation into hatched larvae has considerable advantages, such as the high developmental rate 

after manipulation and the use of comparatively simple equipment and procedures, particularly in 

salmonid species that have larvae that are large enough for this type of manipulation. Subsequently, 

it was shown that spermatogonia (probably containing spermatogonial stem cells) and oogonia 

(probably containing oogonial stem cells) could be used as the donor cell sources for this technique 

[36,40]. The significance of using gonial cells isolated from adult fish is the simplicity of obtaining 

these cells from adult gonads and the ease of use for various cell operations, such as 

cryopreservation and cell culture. Surprisingly, a transplantable quantity and quality of gonial cells 

can be isolated from frozen testes [55,56], frozen ovary [57], and even whole frozen fish in a freezer 

[58]. Currently, spermatogonial or oogonial transplantation by PCT is considered the optimal 

strategy for the production of germline chimeras between different fish species (Fig. 1). However, 
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the application of PCT can be technically very difficult for species with small and fragile larvae, 

such as marine fish species. Tuna have small larvae that float and that do not have a large space in 

the peritoneal cavity to accept donor cells. The survival rate from hatchling to larvae in marine 

species is generally low; the additional mortality induced by experimental manipulation means that 

for some species, the number of chimeras produced by PCT will be insufficient for practical 

surrogate production. 

 To overcome the problems posed by small larvae, Franca and colleagues developed a 

new technique in which donor germline cells (that may include stem cells) are transplanted into the 

gonads of an adult fish via the genital pore. Genital pore transplantation (GPT) is a variation of the 

method for spermatogonial transplantation into seminiferous tubules that was established in 

mammals by Brinster and collaborators in the 1990s. Lacerda et al. (2006) isolated germ cells from 

testes of tilapia and labelled the cells with the fluorescent dye PKH26. Recipient adult fish were 

treated with busulfan and high temperatures to induce degeneration of endogenous germ cells prior 

to transplantation. The isolated tilapia germ cells were then transplanted into the spermatic ducts of 

the testis of the recipient via the genital papillae. Analysis of the recipient testes confirmed 

proliferation of the transplanted germ cells. In a subsequent study, they performed GPT with 

spermatogonia from other tilapia species and obtained donor-derived offspring (6.3%; 2 out of 32) 

using semen from germline chimeras [53]. Majhi et al. (2009) applied the same technique to pejerrey 

species (genus Odontesthes) and obtained donor-derived sperm with 1.2%–13.3% germline 

transmission [52]. Majhi et al. (2014) also demonstrated that donor oogonia isolated from O. 

bonariensis and transplanted by GPT could proliferate in the ovary of O. hatcheri; a progeny test 

showed that xenogeneic eggs were produced in the germline chimeras [59]. GPT has also been used 

in zebrafish [50]. The most significant advantage of this technique is the low level of physical 

damage to the recipient; additionally, the technique requires only simple equipment, such as a 

syringe. GPT can be conducted easily without the need for intensive practice in the use of 

micromanipulation devices, as in the case of other transplantation methods. Donor-derived gametes 

(especially sperm) can be obtained in a comparatively short period when compared to other 

methods—especially those in which transplantation is performed in the embryonic or early 

developmental stages. The latter method requires that the chimera are raised until adulthood so that 

gametes can be obtained. However, GPT requires a large number of isolated donor cells before 

transplantation, as adult host fish have large spaces in their gonads. In tilapia model, 107 isolated 

gonial cells in 1 ml were injected into a single fish [53], whereas 104 gonial cells were enough for 
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inducing germline chimera in PCT in trout [60]. The transplantation is also frequently combined 

with a reduction in the number of endogenous germ cells, for example, through the use of chemicals, 

such as busulfan, and the production of a completely sterile host is difficult. 

4. Development of PGCs in fish 

4.1. Study of PGC for surrogate production 

As described above, spermatogonial and oogonial cells have been used as donor sources 

for PCT and GPT to produce germline chimeras. The crucial steps in germ cell transplantation, such 

as techniques to sterilize hosts, select host stages for transplantation, and visualize germ cells, are 

based on information on PGC specification, proliferation, and migration. In fish, PGCs differentiate 

outside of the embryonic gonadal region and migrate toward the gonadal ridge where they 

proliferate and associate with somatic cells to form the gonads. The details of these processes are 

described below. 

 

4.2. Specification of fish PGCs by germplasm 

Information on PGC specification, survival, and migration is essential to the development of 

techniques for PGC manipulation. Molecular tools and transgenic strains have been developed to 

study PGC specification and migration in detail during embryonic development, especially in model 

fish species. PGCs are specified by the inheritance of maternally supplied cytoplasm determinants, 

termed germ plasm, during the cleavage period and are the first cell type specified from 

undifferentiated embryonic cells in the embryo. At the early blastula stage, PGCs that contain germ 

plasm are specified in the peripheral region of the lower blastoderm in cyprinids and the central 

region of the lower blastoderm in some marine species [61,62]. In zebrafish, the germ plasm is 

located at both ends of the first and second cleavage furrows, and four PGCs eventually differentiate 

in each of the peripheral regions that originate from the furrows of blastula embryos [25]. Germ 

plasm is a complex collection of mitochondria, fibrils, and specific mRNAs and proteins that act as 

translational regulators; it accumulates in the Balbiani body at the vegetal hemisphere of developing 

oocytes, although some germline-specific proteins, such as VASA, do not localize in this 

aggregation [63]. In zebrafish, it has been shown that the bucky ball (buc) gene has a role as a germ 
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plasm organizer in the Balbiani body during oogenesis and early embryonic development. In the 

absence of buc expression, the germ plasm fails to aggregate during the embryonic stage, and 

oocytes lose polarity during oogenesis [64,65]. To date, Buc protein has only been identified in 

vertebrates; in insects, Osker (Osk) protein has a function similar to that of Buc [66] [67]. 

Interestingly, although Buc and Osk do not possess homologous protein motifs, Osk functions 

identically to Buc when injected into zebrafish eggs [68]. Injection of buc-GFP mRNA into one-

cell-stage fish embryos results in the visualization of the germ plasm in embryos by the Buc-GFP 

fusion protein in the marginal region of the first two cleavage furrows; however, the visualized germ 

plasm loses the GFP tag after the blastula stage [65]. Blastomeres that inherit these germ plasm 

aggregations at the cleavage furrow are specified as PGCs while cleavage proceeds. The function of 

buc is widely conserved among fish species. A zebrafish Buc-GFP fusion protein was shown to 

localize and visualize the germ plasm in cleavage-stage embryos of sturgeon and salmon, indicating 

that PGCs in these fish are also specified by inheritance of the germ plasm. [33,66]. Overexpression 

of buc mRNA increases the number of PGCs during embryonic development in zebrafish, probably 

because the additional Buc protein recruits more germ plasm components in the blastoderm [65]. In 

contrast to that in zebrafish, the number of PGCs in medaka can be increased by overexpression of 

the dead end (dnd) gene in the same manner as that for buc overexpression in zebrafish [24,69]. The 

Buc-GFP fusion protein is expected to be of value in the transplantation of early-stage PGCs and the 

confirmation of PGC transfer into the host. Furthermore, boosting the number of PGCs by 

overexpression of a key gene related to germplasm formation is useful for inducing germline 

chimeras. 

4.3. Methodologies to visualize PGCs in fish 

In fish, PGC proliferation and migration have been studied in depth using the expression of germline 

marker genes, such as vasa and nanos3 (nos3) [25,70-73]. The vasa gene encodes an RNA-binding 

protein with an ATP-dependent RNA helicase that is a member of the DEAD box family. 

Expression of vasa has been used as a germ cell marker throughout the whole process of gonadal 

development. The nos3 gene is germ cell specific, and its 3’UTR contains a specific signal to a 

target and extends the expression in PGCs [74-76]. Transgenic fish strains that express GFP in germ 

cells driven by the vasa promoter have been used for studying PGC migration (rainbow trout [77], 

medaka [78], and zebrafish [79]). A GFP-vasa 3’UTR fusion construct under the Xenopus EF1α 

promoter has also been used to produce a transgenic line that expresses GFP exclusively in germ 
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cells [80]. In addition, injection of synthesized mRNA that combines GFP and nos3 or vasa 3’UTR 

sequences into fertilized eggs can also be used to visualize embryonic PGCs in many species of fish 

[74,81,82]. Nos3 3’UTR-containing mRNAs are stabilized in PGCs but are subject to rapid 

degradation in somatic cells. Thus, GFP-nos3 3’UTR mRNA is expressed exclusively in PGCs 

during embryonic development. The function of nos3 3’UTR is widely conserved among fish 

species; thus, a construct produced from a zebrafish sequence can be used to visualize PGCs in fish 

species belonging to a wide range of taxonomic groups [32,33,83]. In sturgeon, PGCs can also be 

visualized by the injection of FITC-dextran (MW: 500,000) into the vegetal pole at early cleavage 

stages [84]. However, this technique has not yet been tested in other fish species. 

 

4.4. Proliferation of PGCs 

 The number of PGCs does not increase during the first 4 hours of embryonic 

development until the 1,000-cell stage (1k) [25]. Asymmetric inheritance of the germ plasm, which 

is inherited by only one of the two dividing blastomeres, keeps the number of PGCs constant until 

the 1k stage [63]. At about the sphere stage, the germ plasm becomes more diffuse and spreads 

throughout the cell cytoplasm; the germ plasm is then symmetrically distributed between dividing 

blastomeres. PGCs increase in number gradually, as they migrate toward the genital ridge. The final 

number of PGCs in 24 hpf embryos varies among zebrafish strains: about 26 in the TL line and 

about 46 in the AB line [85]. The number of PGCs also varies among fish species: 8–11 in olive 

flounder (Paralichthys olivaceus) at the hatching stage (WISH with nanos3 probe) [73], 53.5 in 

Atlantic salmon (Salmo salar) at the hatching stage (WISH with vasa probe) [86]; 21 in turbot 

(Scophthalmus maximus) at the 10-somite stage (WISH with vasa probe) [87], 5.6 in Japanese eel 

(Anguilla japonica) at the hatching stage (GFP-nos3 3’UTR mRNA injection) [32], and 42–64.5 (the 

variation in estimates between studies may be attributable to differences in the quality of the eggs as 

well as the genetic background of the egg batches) in sterlet sturgeon (Acipenser ruthenus) (FITC-

dextran labeling). The available evidence indicates that the number of PGCs during the embryonic 

stage is less than 100 in a range of fish species. 

 

4.5. Migration of PGCs from blastula to somitogenesis  
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In zebrafish, PGCs switch from a non-motile to a motile mode at the blastula stage and 

then begin to migrate [88]. PGCs at the early blastula stage (until 3.5 hpf) display a simple round 

shape similar to the surrounding somatic cells. Subsequently, they develop a non-polarized shape 

with complex protrusions (3.5–4.5 hpf) and then exhibit a polarized morphology (after 4.5 hpf) [88]. 

After 4.5 hpf, the PGCs respond to the guidance cues provided by chemokine signals and start 

migrating toward the genital ridge. The migrating PGCs show downregulation of E-cadherin 

expression compared to earlier developmental stages, suggesting that a reduction in cell–cell affinity 

between PGCs and somatic cells is important for the initiation of migration. Chemokine stromal-

derived factor 1a (SDF1a) is secreted by somatic cells along the route of PGC migration, and its 

receptor CXCR4b is expressed on the surface of the PGCs; these signal and receptor molecules are 

key players in PGC migration. Migrating PGCs are guided toward the embryonic domain where the 

level of SDF1a is higher [82,89]. In zebrafish, a second SDF1 receptor, CXCR7, ensures accurate 

PGC migration. CXCR7 is expressed on the surface of somatic cells; it functions as a decoy receptor 

and rapidly scavenges excess SDF1a by internalization [89]. Thus, CXCR7 enables dynamic 

changes in the PGC attractant without affecting sdf1a transcription levels to ensure correct 

migration. Knockdown of CXCR7 results in the formation of ectopic PGCs [89]. The results of SPT 

experiments demonstrated that the molecular mechanisms controlling PGC migration are conserved 

among most fish species (SPT in Table 1). Interestingly, transplanted sturgeon PGCs can migrate to 

the genital ridge of goldfish despite differences in the migratory patterns of PGCs in each species 

[32]. It is likely that the different PGC migratory patterns in each fish species reflect differences in 

spatial size and temporal shifts in chemoattractant domains.  

 

3.6. Migration of PGCs after somitogenesis  

The final section of the PGC migratory pathway is through the mesoderm on the 

developing gut and the mesentery to the genital ridges (the dorsal part of the body cavity) after the 

somitogenesis period. In medaka and sturgeon, histological observations show that migrating PGCs 

on the developing gut are surrounded by mesodermal somatic cells. The PGCs then move toward the 

genital ridges together with the surrounding somatic cells [90,91]. The speed of PGC migration is 

drastically reduced at this stage compared with those of earlier stages in sturgeon [84]. This 

observation suggests that PGCs migrate in a coordinated manner with surrounding somatic cells on 
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the way through the mesoderm on the gut and the mesentery to the genital ridge. In Xenopus, the 

extracellular matrix protein fibronectin is essential for the correct migration of PGCs at the 

corresponding stage of development [92]. However, in Nibe croaker, PGCs are enclosed by somatic 

cells only after they reach the genital ridge [93]. In these species, the SDF1a/CXCR4 

chemoattractant mechanism is assumed to be also involved in this PGC migratory stage, but this has 

not yet been clearly demonstrated. In the zebrafish odysseus mutant, in which the cxcr4b gene has a 

nonsense mutation, the disruption of PGC migration has been observed; approximately 46% of 

homozygous mutant embryos have small numbers of PGCs in the gonads, and a similar proportion 

of adult mutants is fertile [94]. This suggests that a small number of PGCs could migrate 

successfully to the genital ridge through the mesodermal tissue on the gut and the mesentery, 

although these cells are thought to lack SDF1a and CXCR4 chemoattractant signaling. 

After migration, PGCs settle in the genital ridge where the gonads will be formed. 

Currently, the mechanism responsible for the termination of PGC migration in fish remains 

unknown; the duration of migratory ability in PGCs is possibly predetermined autonomously. When 

PGCs are isolated from different developmental stages and individually transplanted into blastula 

hosts, the migration rates of later stage PGCs toward the genital ridge are significantly lower than 

those of earlier stages [30]. Interestingly, when the migratory rate of a single transplanted PGC in a 

zebrafish host is compared among zebrafish, pearl danio, goldfish, and loach, the highest rate of 

migration is found for goldfish (about 60%) and not zebrafish (about 40%). This counterintuitive 

result may reflect differences in the preloaded migratory capacity of PGCs in each species to 

accommodate their own migratory pathways (Fig. 3). However, as described above, isolated PGCs 

from the genital ridges of newly hatched trout larvae can localize in the host genital ridges after 

transplantation into the peritoneal cavities [54]. Differences between the migratory behavior of 

PGCs before and after the somitogenesis period likely exist. Spermatogonia and oogonia 

transplanted into the peritoneal cavity migrate toward the genital ridge in the same manner as PGCs 

do after the somitogenesis period. To optimize and improve PCT for surrogate production, a better 

understanding of the final migratory step of PGCs to the genital ridge is vital. 

 

5. Sex controls by germline chimera production 



 14

 Control of the sex of seedlings is important for efficient production in aquaculture. 

Mono-sex populations are desirable if species show differences in growth between females and 

males, such as faster growth in the former in flatfish, or produce high-value gametes in either sex, 

such as sturgeon egg caviar and the testis of tiger puffer. In general, mono-sex populations can be 

produced by chromosomal manipulation and/or hormonal treatment of the parents [95]. The use of 

germline chimeras as spawning adults might be simpler and preferable for the control of seedling sex 

if a detailed understanding of the genotype and phenotype sex of germline chimeras and their 

gametes is available. 

 Fish possess a variety of sex-determining systems and sexual differentiation mechanisms 

[96]. Overall, genotypic/chromosomal sex determines physiological sex, which is what occurs in 

higher vertebrates. However, in some fish species, physiological sex can be altered by environmental 

factors, such as temperature, pH, and social cues. Gonadal development and sex differentiation 

processes also vary among species. Analyses of germline chimeras provide a valuable means for the 

investigation of sex determination and differentiation and for the characterization of gonadal 

development and sexual differentiation processes at the cellular level. PGC depletion during 

embryogenesis has been shown to cause masculinization or sex reversal from female to male in 

zebrafish and medaka but not in goldfish, loach, and Atlantic salmon [34,97-100]. Siegfried and 

Nusslein-Volhard (2008) reported that inhibiting dnd expression caused the complete depletion of 

PGCs before the cells reached the genital ridge and resulted in masculinization in zebrafish. This 

finding indicates that PGCs are required for ovarian differentiation in zebrafish. Tzung et al. (2015) 

investigated the role of PGCs in sex differentiation by replacement of the germ cells and 

transplantation of different numbers of PGCs by SPT and BdT [35]. Chimeras that possessed a 

single PGC became functional males, indicating that a single PGC was not sufficient for ovarian 

differentiation. However, 20% of the chimeras that had up to nine PGCs became female. This 

outcome was confirmed by injecting different doses of dnd morpholinos to produce morphants with 

a reduced number of PGCs. This study indicated that the number of PGCs is important for ovarian 

differentiation in zebrafish; however, the mechanisms of this phenomenon remain unknown. It was 

thought that PGC-dependent ovarian differentiation occurs in zebrafish because of its unclear 

chromosomal sex determination and undifferentiated gonochoristics. Goto et al. (2012) investigated 

goldfish sex differentiation as a representative of an XX/XY sex chromosome determination system 

[34]. They found that complete depletion of PGCs did not alter goldfish phenotypic sex and that SPT 

chimeras also developed as either female or male. These findings indicated that goldfish sex is 

determined by gonadal somatic cells or by chromosomal sex, regardless of whether any PGCs are 
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present. Similar findings have been reported for loach [99]. In contrast to the result in goldfish, 

medaka cxcr4 morphants with complete depletion of PGCs before the initiation of gonadal 

morphogenesis show sex reversal in XX individuals [98]. However, some cxcr4 morphants that had 

a small number of remaining PGCs became male; this suggests that the presence of a small number 

of PGCs before the formation of the gonad could masculinize XX individuals. The gonads of XX 

cxcr4 morphants without any PGCs express genes that are required for ovarian differentiation at 10 

dph, but this pattern of expression later disappears, and the genes for testicular differentiation are 

expressed at 20 dpf. These results indicate that ovarian supporting somatic cells could not maintain 

the expression of foxl2 and aromatase if there are no germ cells and that they eventually 

transdifferentiate from ovarian supporting cells to testicular supporting cells. In danio species and 

salmonids, PCT germline chimeras produced using hybrids or triploids as hosts show the 

development of donor-germ cells into gametes in accordance with the host gonadal environment, 

regardless of whether the donor-germ cells were prepared from the testis or the ovary [36,41]. This 

indicates that the genotype and phenotype of some donor-derived gametes are inconsistent if the 

target species has a chromosomal sex-determining system. The inconsistency of sex between a 

donor and a host in germline chimeras can be advantageous for producing mono-sex populations for 

aquaculture, as shown in rainbow trout [101]. Okutsu et al. successfully demonstrated the production 

of Y eggs through female germline chimeras, which were transplanted with spermatogonial 

cells derived from XY male, and then generated YY super-males just by inseminating the Y eggs 

with milt from normal males. The production of Y eggs derived from transplanted spermatogonial 

cells has also been shown in tiger puffer, T. rubrips [48]. In this experiment, the spermatogonial 

cells of tiger puffer were transplanted into sterile triploids of the grass puffer, T. niphobles, and 

donor-derived eggs and sperm were obtained from the germline chimeras. The tiger puffer, T. 

rubrips, is a financially valuable species in terms of the restaurant industry in Japan. The price of a 

male is higher than that of a female, so mono-sex male production by using the milt of YY super-

male of the tiger puffer is a great advantage for aquaculture. A detailed understanding of the 

sex determination/differentiation system and the pattern of gonadal development of target species 

enables us to utilize germline chimeras more efficiently for seedling production in practical 

aquaculture. 

 

6. Sterilization of the host  
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The efficient and reliable production of donor-derived gametes through germline 

chimeras requires sterilization of the host. In fish, induced sterilization has been studied in 

aquaculture species since the early 1990s [95,102], and several approaches have been developed to 

induce sterility. The level of sterility and the physiological conditions of infertility differ between 

sexes and species. The contribution of donor-derived gametes is increased with host infertility, 

suggesting that competition might occur between donor and host germ cells during differentiation 

and proliferation in germline chimeras. Therefore, preparation of the host fish is a vital aspect of 

surrogate propagation. In xenogeneic transplantation, host sterilization is crucial to prevent 

unwanted hybrid offspring. Therefore, there was considerable motivation to develop secure and 

optimal methods; in general, these exploit the features of gonadal development and gametogenesis 

from egg to adult in each potential host species. Sterilization can be induced by chromosomal 

manipulation, gene knockdown or knockout, ultraviolet (UV) irradiation, and chemical treatment. 

 

6.1. Chromosomal manipulation for the induction of triploids 

 The production of triploid fish by induced retention of the second polar body after 

normal fertilization has been achieved in many fish species [95,102]. In general, triploid fish are 

sterile, as the presence of three sets of chromosomes adversely affects meiosis [103,104]. Therefore, 

the ovaries of female triploids are considerably smaller than those of diploid fish and mainly contain 

oogonia, germ cells in early meiotic stages, and some peri-nucleolar and previtellogenic oocytes 

[102,105]. The gonads of male triploids develop to a similar size as those of diploids before 

maturation; however, primary spermatocytes develop abnormally. The gonads of both triploid 

females and males occasionally possess mature oocytes and sperm in some species; however, the 

cells are aneuploid, and any embryos produced in crosses with diploid fish do not develop normally. 

In salmonid species, xenogeneic transplantation of rainbow trout spermatogonia into triploid masu 

salmon hosts resulted in the production of 100% donor-derived offspring in a cross with surrogate 

parents [41]. By contrast, the same combination of donor and host species but using diploid fish 

(without any sterilization) as a host resulted in only 16.7% of germ cell transplanted hosts possessing 

donor-derived PGCs 1 month after transplantation, and the contribution of donor-derived sperm to F1 

offspring was low (0.4%) [54]. The use of triploids as a host is therefore a viable approach to 

surrogate propagation, but this type of chromosomal manipulation is only available for species in 
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which eggs and sperm can be obtained. Furthermore, in zebrafish, Delomas and Dabrowski (2018) 

reported that all triploids develop into males, suggesting that triploidy interferes with oocyte 

development and thereby induces male development, such as in zebrafish fancl mutants [106]. 

Understanding both genetic and phenotypic sex is also important for triploid hosts [107]. 

 

6.2. Hybridization 

 Hybrid sterility can also be used for the host and for xenogeneic transplantation 

[36,44,54]. Wong et al. (2011) produced hybrids between female zebrafish and male pearl danio and 

used 2-week-old hybrids for zebrafish oogonial transplantation. Yoshikawa et al. (2018) examined 

the sterility and viability of hybrids between inter- and intra-generic crosses for four sciaenid 

species. The intra-generic hybrids between Nibea mitsukurii and N. albiflora, which are genetically 

close, were fertile; however, an inter-generic cross between N. mitsukurii and Pennahia argentata 

was sterile, whereas the cross N. mitsukurii and Argyrosomus japonicus was inviable. Twelve dph 

sterile sciaenid hybrids were used as the host for the transplantation of spermatogonial cells from the 

species used to produce the hybrids. Donor-derived offspring were successfully obtained from male 

hybrids. Interestingly, danio hybrids developed into both female and male fish, but only male 

hybrids produced donor-derived gametes; female hybrids failed to develop zebrafish gametes, and 

their ovaries resembled those of non-transplanted female hybrids. In sciaenid hybrids, sterile hybrids 

were completely masculinized with mitotic arrest of the germ cells. Transplantation of 

spermatogonial cells in the sterile hybrids induced the recovery of the testis and the ovary (1/10) of 

the transplanted hybrids. Inviable hybrids are a valuable asset for preventing unwanted offspring 

produced from xenogeneic germline chimeras [54].  

 

6.3. Inhibiting gene translation  

 Gene knockdown can be used to induce sterility when the target genes are essential for 

germ cell survival. Dead end (dnd) and nos3, first reported as nanos1 in zebrafish, are the genes 

generally manipulated in fish. Maternally supplied dnd and nos3 express in the cleavage furrows of 

early embryos and continue expression in PGCs [74,108,109]. These genes are essential for the 
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survival and migration of PGCs toward the genital ridge during embryogenesis. Inhibition of dnd 

expression by injecting morpholino oligos results in germ cell ablation in several species of fish, 

including zebrafish, medaka, goldfish, and sturgeon [24,34,97,100,110]. Similarly, inhibition of nos 

in zebrafish and medaka affects PGC migration [74,98]. For the complete depletion of PGCs before 

the initiation of gonadal morphogenesis, injecting morpholino oligos into eggs is necessary. This 

timing of injection in relation to embryo developmental stage is important, as is the concentration of 

morpholino and the use of an appropriate sequence against the target gene to avoid off-target effects 

and a low survival rate. In zebrafish, goldfish, and medaka, xenogeneic and allogeneic germline 

chimeras have been produced using sterilized hosts following the injection of morpholino oligos; in 

these chimeras, the transplanted cells completely replaced the host gametes [22,24,31,34]. 

Morpholino oligos can also be conjugated with a molecular transporter and are termed vivo-

morpholino oligos; these modified oligos have been used to induce sterilization in zebrafish [111]. In 

zebrafish, immersion of in vivo fertilized eggs in vivo-morpholino oligos against dnd induced 

complete loss of PGCs; however, infertility was reduced when naturally spawned eggs were used. 

Higher concentrations of vivo-morpholino oligos cause malformations in embryos, so identifying the 

optimal dose of the compound that effectively induces sterility is important.  

 

6.4. UV irradiation 

 In sturgeon, eliminating PGCs by UV irradiation of the vegetal pole where the germ 

plasm is localized during early cleavage stages is possible [112]; this method was first performed in 

frogs more than 50 years ago [113,114]. The developmental pattern of sturgeons is similar to that 

of amphibians: sturgeon eggs undergo holoblastic cleavage. Cell lineage analysis in sturgeon eggs 

shows that although the somatic cell lineage mainly originates from the animal hemisphere of the 

eggs, germ cells are derived from extraembryonic yolky blastomeres located at the vegetal 

pole [33]. Thus, UV irradiation of the vegetal pole does not affect embryonic development, except 

for PGCs.  

 

6.5. Chemical treatment  
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 Busulfan (myleran) is an alkylating agent that can interfere with cell division by cross-

linking DNA strands. Treatment of hosts with busulfan was first carried out in mammals [115]. In 

fish, peritoneal injection of busulfan reduces endogenous germ cells in sexually competent male and 

female gonads in zebrafish, pejerrey, and tilapia [50,53,116]. In these species, busulfan treatment 

combined with a high temperature enhances germ cell degeneration for host preparation (called 

thermo-chemical treatment). This method cannot remove all germ cells in the gonad, as high doses 

of busulfan show toxicity not only to germ cells but also to other cells and cause severe side effects. 

Therefore, any remaining endogenous germ cells can recover and produce gametes in both the testis 

and the ovary. The advantage of busulfan treatment is that it induces germ cell degeneration through 

a simple peritoneal injection, therefore offering a relatively easy manipulation approach for host 

preparation. However, from an animal welfare perspective, the busulfan treatment needed to remove 

endogenous germ cells may effectively require the exposure of fish to the maximum tolerated dose, 

which might compromise their immune system.  

 

6.6. Gene modification 

 Gene modification using TALEN and CRISPR/Cas9 technologies can be used to 

generate strains with the desired traits in any type of fish, including aquaculture species [117]. 

Mutagenesis of nos2 and nos3 by CRISPR/Cas9 in medaka induces PGC depletion and 

masculinization [117]. Similarly, knockout of dnd by CRISPR/Cas9 ablates PGCs in Atlantic 

salmon [100]. Knocking out the genes involved in germline development and fertility renders fish 

infertile. Therefore, maintaining such infertile strains is a challenge that requires a well-planned 

strategy. There have been few reports on inducible or controllable sterilization in zebrafish. Wong et 

al. (2013) generated a transgenic strain in which hsp70 regulates heat-shock inducible SDF1a 

expression in PGCs, and PGC migration was disrupted by the ubiquitous expression of SDF1a in 

PGCs by applying a high-temperature treatment on embryos [118]. In this way, sterilized fish are 

obtained, as needed. Using a Gal4/UAS system, Zhang et al. (2015) also developed a controllable, 

on–off reproductive containment strategy for zebrafish that renders the offspring sterile but leaves 

the parents fertile [119]. Recently, Nagasawa et al. (2018) established a system that combined 

surrogate technology and gene editing to produce a sterile mono-sex population that carried a 

mutated follicle-stimulating receptor (fshr) gene [120]. In this study, sex-reversed XX 
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spermatogonial cells (fshr (-/-)) were transplanted into sterile hybrids to produce fshr (-/-) eggs. 

These germline chimeras were fertile and crossed with sex-reversed XX (fshr (-/-)); they produced 

only infertile female offspring. These various reports show that gene modification technologies offer 

a powerful tool to generate optimal characteristics in potential hosts and thus can be used for 

inducing sterility. However, the role and usage of gene-modified fish for surrogate propagation need 

wider discussion and consideration, particularly its practical use. Inducible or controllable 

sterilization might be beneficial for aquaculture usage as a prerequisite trait for any type of induced 

mutant to prevent pollution of the gene pools of wild stock.  

 

7. Future perspective for aquaculture 

 As described above, with regard to surrogate propagation, many different approaches can 

be applied to produce germline chimeras in fish. The choice of methodology depends on which is 

most appropriate for the target species involved. The chart in Figures 4 and 5 summarizes the 

methods for transplantation and sterilization and the species to which these can be applied. Research 

in surrogate propagation initially sought to develop xenogeneic germline chimeras in order to 

conserve endangered species. However, surrogate production has recently become more important 

for practical use in aquaculture, so methods for producing allogeneic germline chimeras have been 

developed for commercially important species. Surrogate production can accelerate the breeding of 

fish if transplantation is performed using cryopreserved germ cells from fish that possess desirable 

characteristics for farming, such as high growth and good survival after exposure to fish diseases or 

red-tide plankton. There are aspects of the various technologies available that need to be kept in 

mind. For example, in finfish culture in open water, preventing escapees from the net pan is difficult; 

therefore, hosts that have not been evaluated for safety with respect to the transmission of unwanted 

characters (such as gene modifications), hybrids, and inconsistent genotype/phenotype sex should 

not be used. The escape of xenogeneic germline chimeras or genome-modified fish into the wild 

might cause genetic introgression in the future. In the current situation of fish farming and in terms 

of social acceptability, allogeneic transplantation with sterilization of hosts by gene knockdown, 

chemical treatment, or officially approved triploids might be acceptable for finfish farming in 

floating net cages, such as for tuna. If germline chimeras are maintained in tanks away from open 

water and with secure management, then xenogeneic transplantation or hybrid sterility might be 

more acceptable for practical use. In the future, surrogate propagation will be a system for seedling 
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production in aquaculture. From the perspective of the practical use of this system, we need to 

examine the growth performance, health, and total quality of seedlings obtained using the 

technology. Additionally, the genetic management of target species is important for the conservation 

of endangered species.  
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Method Donor species Host species 

Host 

sterility

* 

Phylogenetic distance** Barrier 

Migration/Settlement in 

host gonads 

Sperm Egg Reference 

SPT zebrafish zebrafish 1 0 individual yes yes yes 

Saito et al., 

unpublished 

 zebrafish zebrafish 4 0 individual yes yes 

yes***

* 

Saito et al., 

unpublished 

 Pearl danio zebrafish 4 ⎼ species yes yes 

yes***

* 

31 

 goldfish zebrafish 4 106.5 subfamily yes yes 

no***

* 

31 

 loach zebrafish 4 125 order yes yes 

no***

* 

31 

 Rosy bitterling zebrafish 1 66 family yes N/D N/D 

Goto et al., 

unpublished 

 medaka zebrafish 1 229.9 class yes*** N/A N/A 

Goto et al., 

unpublished 

 Japanese eel zebrafish 1 274 class yes N/D N/D 32 

 sturgeon goldfish 1 344 class yes*** N/A N/A 33 

 goldfish goldfish 4 0 individual yes yes yes 34 

  Rosy bitterling goldfish 1 106.3 family yes N/D N/D 

Goto et al., 

unpublished 

BT zebrafish zebrafish 4 0 species yes yes yes 30 

 goldfish zebrafish 4 106.5 subfamily yes N/D N/D 30 

 loach zebrafish 4 125 order yes N/D N/D 30 

 loach loach 1 0 individual yes N/D N/D 20 

  medaka medaka 4 0 species yes yes yes 24 

BdT zebrafish zebrafish 4 0 species yes yes yes 35 

 crusian carp goldfish 1 17 individual yes yes yes 26 

  goldfish 

goldfish x common 

carp 

3 ⎼ ⎼ yes yes N/D 29 
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PCT zebrafish 

zebrafish x Pearl 

danio 

3 ⎼ ⎼ yes yes no 36 

 common carp goldfish 4 34 genus yes N/D N/D 37, 38 

 medaka medaka 3 0 individual yes yes yes 39 

 rainbow trout rainbow trout 1 0 individual yes yes yes 40 

 rainbow trout masu salmon 3 14.2 species yes yes yes 41 

 brown trout rainbow trout ⎼ 46 species yes N/D N/D 42 

 European grayling rainbow trout ⎼ 69 family yes N/D N/D 42 

 

Chinese rosy 

bitterling 

Chinese rosy 

bitterling 

4 0 individual yes yes yes 43 

 blue drum 

blue drum x white 

croaker 

3 ⎼ ⎼ yes yes yes 44 

 yellowtail yellowtail 1 0 individual yes yes yes 45 

 Siberian sturgeon Sterlet sturgeon 1 71 species yes N/D N/D 46 

 Chinese sturgeon Darby's sturgeon ⎼ 10.5 species yes N/D N/D 47 

 tiger puffer grass puffer 3 4.22 species yes yes yes 48 

  Nibe croaker chub mackarel 1 128 class yes N/A N/A 49 

GPT zebrafish zebrafish 2 0 individual yes yes yes 50 

 Jundia catfish Nile tilapia 2 229.9 class yes yes N/A 51 

 

Odontesthes 

bonariensis  

Odontesthes hatcheri 2 ⎼ species yes yes yes 52 

  tilapia tilapia 2 0 individual yes yes N/A 53 

          

* Host sterility is classified as follow; 4, Nearly 100% sterility with germ cell depletion; 3, Nearly 100% sterility with meiotic or mitotic arrested germ cells; 2, partial depletion of germ cells; 1, without any 

treatment for sterilization. 

** Estimated divergence times between donor and host were estimated by timetree.org (http://www.timetree.org/)     

*** Donor PGCs disappeared after migration to gonadal 

ridges. 

       

**** Germline chimeras were treated with ethynyl-estradiol (E2) for feminization.      

 

Figure legends 



 35

Fig. 1. Methodologies and stages of germ cell transplantation in fish. A) Methodologies of PGCs, 

spermatogonia (SPG), and oogonia (OOG) transplantation reported in fish. B) Donor and host stages 

for germ cell transplantation for each method.  

Fig. 2. The SPT method can provide unique experimental conditions for studying fish germ cells. 

The photograph demonstrates a chimera that has germ cells from pearl danio (green fluorescent 

protein-labeled cell) and zebrafish (red fluorescent protein-positive cell) at each side of the genital 

ridge region. To produce this chimera, a PGC from each donor was repeatedly transplanted into a 

single host.  

 

Fig. 3. Schematic illustration of the migratory capacity of PGCs in goldfish and zebrafish embryos. 

The goldfish embryo is larger than the zebrafish embryo—assuming the migration path of PGCs is 

the same for each species, then goldfish PGCs migrate a greater distance than zebrafish PGCs. This 

probably explains why the percentage of goldfish and pearl danio PGCs that reached the gonadal 

region was higher than that of zebrafish after they were transplanted into zebrafish embryos.  

Fig. 4. A flow chart of methods for the induction of germline chimera in fish. Methods of germ cell 

transplantation can be applied to the target species according to their material availability. 

Fig. 5. A flow chart of the sterilization methods for surrogate hosts in fish. The sterilization methods 

listed in the figure can be applied to the target species according to their material availability. Note 

1. Effective sterilization by ultraviolet irradiation was reported in sturgeon whose eggs undergo 

holoblastic cleavage. Note 2. Effective sterilization was reported in zebrafish using artificially 

fertilized eggs, and the rate of infertility was reduced when using naturally spawned eggs,  Wong 

and Zohar [111].  
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Table 1

Method Donor species Host species Host sterility*
Phylogenetic

distance**
Barrier

Migration/Settlement in

host gonads
Sperm Egg Reference

SPT zebrafish zebrafish 1 0 individual yes yes yes Saito et al., unpublished

zebrafish zebrafish 4 0 individual yes yes yes**** Saito et al., unpublished

Pearl danio zebrafish 4 ⎼ species yes yes yes**** 31

goldfish zebrafish 4 106.5 subfamily yes yes no**** 31

loach zebrafish 4 125 order yes yes no**** 31

Rosy bitterling zebrafish 1 66 family yes N/D N/D Goto et al., unpublished

medaka zebrafish 1 229.9 class yes*** N/A N/A Goto et al., unpublished

Japanese eel zebrafish 1 274 class yes N/D N/D 32

sturgeon goldfish 1 344 class yes*** N/A N/A 33

goldfish goldfish 4 0 individual yes yes yes 34

Rosy bitterling goldfish 1 106.3 family yes N/D N/D Goto et al., unpublished

BT zebrafish zebrafish 4 0 species yes yes yes 30

goldfish zebrafish 4 106.5 subfamily yes N/D N/D 30

loach zebrafish 4 125 order yes N/D N/D 30

loach loach 1 0 individual yes N/D N/D 20

medaka medaka 4 0 species yes yes yes 24

BdT zebrafish zebrafish 4 0 species yes yes yes 35

crusian carp goldfish 1 17 individual yes yes yes 26

goldfish goldfish x common carp 3 ⎼ ⎼ yes yes N/D 29

PCT zebrafish zebrafish x Pearl danio 3 ⎼ ⎼ yes yes no 36

common carp goldfish 4 34 genus yes N/D N/D 37, 38

medaka medaka 3 0 individual yes yes yes 39

rainbow trout rainbow trout 1 0 individual yes yes yes 40

rainbow trout masu salmon 3 14.2 species yes yes yes 41

brown trout rainbow trout ⎼ 46 species yes N/D N/D 42

European grayling rainbow trout ⎼ 69 family yes N/D N/D 42

Chinese rosy bitterlingChinese rosy bitterling 4 0 individual yes yes yes 43

blue drum blue drum x white croaker 3 ⎼ ⎼ yes yes yes 44

yellowtail yellowtail 1 0 individual yes yes yes 45

Siberian sturgeon Sterlet sturgeon 1 71 species yes N/D N/D 46

Chinese sturgeon Darby's sturgeon ⎼ 10.5 species yes N/D N/D 47

tiger puffer grass puffer 3 4.22 species yes yes yes 48

Nibe croaker chub mackarel 1 128 class yes N/A N/A 49

GPT zebrafish zebrafish 2 0 individual yes yes yes 50

Jundia catfish Nile tilapia 2 229.9 class yes yes N/A 51

Odontesthes bonariensis Odontesthes hatcheri 2 ⎼ species yes yes yes 52

tilapia tilapia 2 0 individual yes yes N/A 53

* Host sterility is classified as follow; 4, Nearly 100% sterility with germ cell depletion; 3, Nearly 100% sterility with meiotic or mitotic arrested germ cells; 2, partial depletion of germ cells; 1, without any treatment for sterilization.

** Estimated divergence times between donor and host were estimated by timetree.org (http://www.timetree.org/)

*** Donor PGCs disappeared after migration to gonadal ridges.

**** Germline chimeras were treated with ethynyl-estradiol (E2) for feminization.
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