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17 ABSTRACT

18 Grass carp (Ctenopharyngodon idellus), which accounts for approximately 10% of 

19 global freshwater aquaculture production, is an important aquaculture species in Asia. 

20 Nevertheless, advancements in breeding have been substantially hindered by an 

21 extended sexual maturation period of 4–5 years. Germline stem cell transplantation 

22 (GSCT) presents a potential technology to accelerate fish breeding by shortening the 

23 generation interval through the use of recipients with a shorter sexual maturation period. 

24 In this study, smaller-bodied goldfish recipients (Carassius auratus) characterized by a 

25 shorter generation interval, high fecundity, and scalable year-round gamete output, 

26 were employed for the production of grass carp gametes. Donor testicular cells isolated 

27 from the testes of 1.5-year-old grass carp were intraperitoneally transplanted into 4 days 

28 post-hatching germ cell-depleted goldfish larvae generated by knocking down the dead 

29 end (dnd) gene. At 6 months post-transplantation (mpt), 11 out of 21 male goldfish 

30 recipients successfully produced functional donor-derived grass carp sperm, with an 

31 average milt volume of 754 μL. Unlike sterile zebrafish recipients, which lack ovarian 

32 development, sterile goldfish recipients supported the differentiation of donor grass 

33 carp spermatogonia stem cells into oogonia and their subsequent development into late-

34 vitellogenic oocytes within the recipient gonadal somatic environment by 10 mpt. 

35 These findings identify goldfish as a promising recipient for grass carp GSCT, 

36 providing a foundation for the rapid, large-scale production of donor-derived grass carp 

37 sperm and supporting future efforts to produce donor-derived grass carp eggs through 
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38 reproductive regulation.

39 Keywords: Grass carp; Germline stem cell transplantation; Goldfish; Surrogacy; 

40 Sperm

41 INTRODUCTION

42 According to the Food and Agriculture Organization of the United Nations (FAO), 

43 aquatic animal products constitute a vital source of high-quality proteins, comprising 

44 15% of the animal protein intake globally, and exceeding 50% in several Asian and 

45 African countries (FAO, 2026b). Aquaculture contributes over 50% of the total aquatic 

46 animal production, thereby addressing the increasing global demand for aquatic foods. 

47 Grass carp (Ctenopharyngodon idellus) is an important farmed fish, representing 

48 approximately 10% of global freshwater aquaculture output (FAO, 2025; FAO, 2026a; 

49 Gui, 2024). Originally native to eastern Asia, grass carp has been extensively 

50 introduced and established in various regions worldwide (Xie et al., 2018). The genetic 

51 enhancement of grass carp is essential for the sustainable and healthy development of 

52 its aquaculture industry. Various breeding technologies, including selective breeding, 

53 hybridization, molecular marker–assisted breeding, gynogenesis, and gene editing, 

54 have been employed in the genetic improvement of grass carp (Wang et al., 2024). 

55 However, breeding progress has been considerably impeded by the long sexual 

56 maturation period of grass carp (4–5 years).

57 Germline stem cell transplantation (GSCT) represents a highly effective 

58 reproductive biotechnology for generating donor gametes by using surrogate hosts 
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59 (Goto & Saito, 2019; Jin et al., 2021; Yoshizaki & Yazawa, 2019). This technique 

60 involves the extraction of germline stem cells (GSCs) from donor gonads, followed by 

61 their transplantation into recipient hosts. Within the recipient gonadal environment, the 

62 colonized donor GSCs proliferate, differentiate, and mature into functional gametes. 

63 This process can shorten the breeding cycle by using a closely related surrogate with a 

64 smaller body size and shorter generation interval. For instance, through xenogeneic 

65 GSCT, small-bodied (~13 g in body weight) grass puffer (Takifugu alboplumbeus) 

66 recipients have generated functional donor eggs and sperm of the tiger puffer (T. 

67 rubripes) (Hamasaki et al., 2017). Similarly, surrogate goldfish (Carassius auratus) 

68 have produced both donor eggs and sperm of common carp (Cyprinus carpio) following 

69 spermatogonia transplantation (Franěk et al., 2021). Hybrid little tuna surrogates, at 

70 merely 8 months of age and approximately 1 kg in body weight, produced donor-

71 derived Pacific bluefin tuna (Thunnus orientalis) sperm (Kawamura et al., 2024). 

72 Pacific bluefin tuna typically require 3–5 years to reach sexual maturity and can 

73 approach 100 kg body weight. More recently, recipient zebrafish (Danio rerio) 

74 generated donor grass carp sperm (~1 µL) within 3 months following transplantation; 

75 however, donor eggs were not obtained (Ye et al., 2026). Therefore, these findings 

76 highlight the importance of the recipient for the efficient production of both donor eggs 

77 and sperm.

78 For grass carp, goldfish is considered a suitable surrogate host. Originating from 

79 wild crucian carp through approximately 1 800 years of selective breeding in China, 

80 goldfish have diversified into over 300 strains and are widely recognized as both a 
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81 popular ornamental species and a valuable model for studies in evolutionary genetics 

82 and developmental biology (Chen et al., 2020; Li et al., 2025; Yu et al., 2021). Beyond 

83 these values, goldfish exhibit remarkable reproductive characteristics that make them 

84 ideal for surrogate propagation. Under optimal conditions, goldfish can achieve sexual 

85 maturity and spawn approximately 4 months post-fertilization, with the ability to re-

86 spawn every 4–7 days throughout the year, producing up to 10 000eggs per clutch (Yu 

87 et al., 2022). Moreover, goldfish lacking endogenous germ cells due to dead end (dnd) 

88 gene knockdown exhibit gonadal sexual dimorphism (Goto et al., 2012), a trait distinct 

89 from that observed in zebrafish (Slanchev et al., 2005). This trait is essential for donor 

90 egg production. Collectively, the combination of a short generation time, high fecundity, 

91 and the presence of sexually dimorphic gonads despite germ cell deficiency positions 

92 goldfish as a promising surrogate for producing grass carp gametes.

93 In this study, we identified the optimal developmental stage at which goldfish 

94 larvae can serve as recipients. We conducted comprehensive cellular, histological, and 

95 molecular analyses of germ cell–depleted gonads generated using dnd morpholino 

96 (MO)–mediated knockdown. The colonization, proliferation, and development of 

97 intraperitoneally transplanted grass carp spermatogonia stem cells (SSCs) within the 

98 recipient gonads were systematically examined. Lastly, we characterized the donor-

99 derived grass carp sperm produced by recipient goldfish and evaluated its functionality.

100 MATERIALS AND METHODS

101 Experimental fish
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102 Goldfish of the lionhead strain were reared in aquaria maintained at temperatures 

103 ranging from 22–26℃, under a 14 h light/10 h dark photoperiod (lights on at 0900h, 

104 lights off at 2300h) at the National Aquatic Biological Resource Center. The rearing 

105 protocols and conditions adhered to those outlined by Yu et al. (2022). Briefly, goldfish 

106 larvae with a total length (TL) of less than 2 cm were initially fed live nauplii and 

107 subsequently acclimated to a commercial diet (Guangdong Yuequn Ocean 

108 Biotechnology Co., Ltd., China). Artificial propagation was conducted using healthy, 

109 sexually mature goldfish generally older than 150 days post-hatching (dph), as detailed 

110 in prior research (Yu et al., 2022). Grass carp aged 1.5 years (TL, 57.67±1.30 cm; body 

111 weight [BW], 1.98±0.12 kg; gonadosomatic index, 0.020±0.0018%) were sourced from 

112 a commercial farm in Jiayu County, Xianning City, Hubei Province, and were sacrificed 

113 for donor SSC preparation. The fish experiments adhered to the Guidelines for the Care 

114 and Use of Laboratory Animals of the Yangtze River Fisheries Research Institute, 

115 Chinese Academy of Fishery Sciences (YFI2024YH04).

116 Experimental design

117 The experimental workflow comprised six sequential stages: (1) establishment of germ 

118 cell–depleted goldfish recipients through dnd knockdown; (2) transplantation of grass 

119 carp testicular cells into goldfish larvae; (3) colonization of donor-derived SSCs within 

120 recipient gonads; (4) development of donor-derived SSCs in recipient gonads; (5) 

121 production of donor-derived sperm by surrogate goldfish recipients; and (6) 

122 development of donor-derived oocytes within recipient gonads (Figure 1). Three 

123 independent trials were performed for each experiment. The sample size and the 
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124 corresponding analytical approaches employed at each stage are indicated within 

125 rounded rectangles in Figure 1. 

126 Histological analysis of goldfish larvae

127 To characterize early goldfish gonadal development, larvae with TLs of 6.13±0.10 mm, 

128 7.02±0.03 mm, and 8.44±0.17 mm were collected at 3, 5, and 7 dph, respectively. The 

129 larvae were fixed in Bouin’s solution (Phygene, China), followed by dehydration, 

130 paraffin embedding, and transverse sectioning at a thickness of 4.50 μm using a 

131 microtome (Leica Microsystems, Germany). Thereafter, the sections were stained with 

132 hematoxylin and eosin (H&E), and imaged using an upright microscope (DM5000; 

133 Leica Microsystems, Germany) equipped with a digital camera (DFC365FX; Leica 

134 Microsystems, Germany). The total number of primordial germ cells (PGCs) per larva 

135 was quantified from serial sections of the entire specimen, and the mean was calculated 

136 across five individuals.

137 Preparation of germ cell–depleted goldfish recipients

138 The dnd gene antisense morpholino (MO) for goldfish (5′-

139 TCCATGCCGCTGTCCACCTGTGATG-3′) was designed as described previously 

140 (Goto et al., 2012), and synthesized by Gene Tools LLC (Philomath, USA). 

141 Endogenous PGCs were depleted by injecting 200 μmol/L dnd-MO into goldfish 

142 embryos at the 1-cell stage. To determine the efficiency of PGC ablation, embryos were 

143 co-injected with artificially synthesized green fluorescent protein (GFP)-zfnanos3 3′ 

144 untranslated region (UTR) mRNA at a concentration of 150 ng/μL. Eighteen dnd 

145 morphants at 50 dph (nine males, nine females; TL, 2.63±0.09 cm; BW, 0.36±0.04 g) 
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146 were sampled for histological observation, while 18 dnd morphants at 5 months old (8 

147 males, 10 females; TL, 11.61±0.20 cm; BW, 41.13±2.21 g) were used to assess gonadal 

148 development and related gene expression.

149 Total RNA was isolated separately from the gonads of both dnd morphants and 

150 wild-type (WT) goldfish at 5 months old using a FastPure Tissue/Cell Total RNA 

151 Isolation Kit (Vazyme, China). The extracted RNA was subsequently reverse 

152 transcribed into complementary DNA (cDNA) using a PrimeScript™ RT reagent Kit 

153 with gDNA Eraser (Takara, Japan) following the manufacturer's protocol. Reverse 

154 transcription PCR (RT-PCR) amplification was conducted in a 20 μL reaction volume, 

155 comprising 10 μL of 2×Phanta UniFi Master Mix (Vazyme, China), 1 μL of diluted 

156 cDNA, 0.4 μL of each primer, and 8.2 μL of DNase-free water. RT-PCR was performed 

157 using primers specific to germ cell (vasa) and gonadal somatic cell (foxl2, cyp11b, and 

158 gsdf) genes (Supplementary Table S1).

159 The thermal cycling protocol comprised 33 cycles of denaturation at 98°C for 10 

160 s, annealing at 60°C for 30 s, and extension at 72°C for 10 s. The PCR products were 

161 subjected to electrophoresis on a 2.0% agarose gel stained with GoldView (Yeasen, 

162 China), cloned into a pcDNA3.1(+) vector (Thermo Fisher Scientific, USA), and 

163 sequenced by Wuhan Tianyi Huayu Gene Technology Co., Ltd., China.

164 Immunohistochemistry of donor grass carp testes

165 Grass carp were initially anesthetized using 2% tricaine methanesulfonate (Sigma-

166 Aldrich, USA), and testes were dissected, cut into small pieces, and fixed in Bouin’s 

167 solution at 4°C for 20 min. The fixed testicular samples were embedded in paraffin, 
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168 sectioned, and immunohistochemically stained, following previously established 

169 protocols (Ye et al., 2017). A primary anti-Vasa antibody (1:400, ab209710; Abcam, 

170 UK) was used to identify germ-cell types. Nuclei were counterstained with 4′,6′-

171 diamidino-2-phenylindole (DAPI; Sigma-Aldrich, USA). Fluorescence signals were 

172 acquired using a confocal microscope (LSM800; Carl Zeiss, Germany).

173 Donor testicular cell transplantation

174 Following dissection under sterile conditions, donor grass carp testes were carefully 

175 trimmed using fine scissors and tweezers to remove the peritoneum, adipose tissue, and 

176 any blood clots. Single-cell suspensions of testicular cells were prepared using 

177 enzymatic digestion according to previously described methods with some 

178 modifications (Ye et al., 2017). Specifically, the minced testicular fragments were 

179 subjected to protease digestion at 30°C for 1.5–2.0 h. The resultant cell suspensions 

180 were sequentially filtered through 100- and 40-μm cell strainers to eliminate any 

181 undigested tissue remnants. Before transplantation, the testicular cells were labeled 

182 with the fluorescent cell tracker dye PKH26 (Sigma-Aldrich, USA) to enable in vivo 

183 tracking. A 100-nL suspension containing approximately 100 000 donor cells was 

184 injected into the peritoneal cavity near the genital ridge region of goldfish at 4 dph. 

185 Following transplantation, the larvae were transferred to fresh water and maintained 

186 under standard rearing conditions.

187 Colonization and development of donor-derived cells in goldfish recipients

188 At 21 days post-transplantation (dpt), both the transplanted and control goldfish were 

189 fixed using Tissue-Tek Ufix (Sakura Finetech, Japan) for 1 min on ice. Subsequently, 
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190 the fish were dissected under a stereomicroscope to examine the colonization of donor 

191 grass carp SSCs through fluorescence observation (DM5000B; Leica Microsystems, 

192 Germany). To further assess the proliferation, differentiation, and development of 

193 transplanted SSCs within recipient gonads, histological analyses were conducted on 

194 gonads from WT, dnd morphants, and transplanted goldfish at 3 months post-

195 transplantation (mpt, TL, 7.32±0.19 cm; BW, 17.74±0.98 g), 6 mpt (TL, 11.34±0.29 

196 cm; BW, 41.69±1.64 g), and 10 mpt (TL, 14.45±0.34 cm; BW, 106.20±7.15 g). The 

197 same gonadal samples were analyzed using RT-PCR with grass carp–specific vasa 

198 primers. Detailed methods are provided in the subsequent section.

199 PCR detection of donor-derived germ cells in recipients

200 Total RNA was extracted from the gonads of WT goldfish, dnd morphants, and 

201 transplanted goldfish at 3, 6, and 10 mpt. These RNA samples were subsequently 

202 reverse-transcribed into cDNA as detailed in the “Preparation of germ cell–depleted 

203 goldfish recipients” section. Utilizing the vasa cDNA sequences from grass carp and 

204 goldfish, species-specific primers were designed Civasa-RNA-F/R for grass carp and 

205 Cavasa-RNA-F/R for goldfish. The β-actin cDNA sequences of both grass carp and 

206 goldfish were referenced to generate the common primer (β-actin-F/R) as the positive 

207 control (Supplementary Table S1). The PCR reaction mixture and thermal cycling 

208 conditions were consistent with those outlined in the “Preparation of germ cell–depleted 

209 goldfish recipients” section. The resulting PCR products were resolved on 2.5% 

210 agarose gels, cloned, and sequenced.

211 RNA sequencing and analysis
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212 The quality of gonadal RNA from WT and dnd-MO goldfish, WT grass carp, and 

213 goldfish that successfully underwent GSCT with exclusively donor-derived grass carp 

214 germ cells was assessed. RNA from testes and ovaries at 6 and 10 mpt, respectively, 

215 was used to construct cDNA libraries through a poly(A) enrichment technique, 

216 followed by sequencing on a NovaSeq 6000 platform (Illumina, USA). Approximately 

217 6 and 10 G of clean data, with more than 94% of bases having Phred quality scores≥30 

218 (Q30), were generated for grass carp and goldfish, respectively. The genomes of grass 

219 carp (GCF_019924925.1) and goldfish (GCA_019720715.2) were downloaded from 

220 the National Center for Biotechnology Information (NCBI) database 

221 (https://www.ncbi.nlm.nih.gov/) and integrated into a joint reference genome. To 

222 prevent conflicts arising from homologous chromosomes, species-specific prefixes 

223 (“CI_” for grass carp and “CA_” for goldfish) were appended. A consolidated genome 

224 index was then constructed using STAR software (v.2.5.2b). Paired-end clean reads of 

225 150 bp (PE150) were aligned to the joint reference genome using STAR. To enhance 

226 the specificity and reliability of the alignment results, secondary and supplementary 

227 alignments were removed, and only reads with a mapping quality (MAPQ) score≥30 

228 that aligned uniquely to the consolidated reference genome were retained. Following 

229 the rigorous filtering procedures outlined above, high-confidence, unique alignment 

230 results were obtained for subsequent coverage analysis. To assess coverage patterns at 

231 the chromosomal scale, the combined reference genome was segmented into sliding 

232 windows of a fixed size (default: 10 kb). Utilizing the BEDtools software suite 

233 (v.2.27.1), we computed the coverage fraction for each genomic window. This metric 
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234 is defined as the ratio of the number of bases covered by at least one sequencing read 

235 to the total length of the window. Subsequently, we determined the average coverage 

236 fraction per window and the base-weighted overall coverage fraction for each 

237 chromosome. These calculations were performed to assess the overall coverage levels 

238 across chromosomes in these two species for different samples. To minimize the impact 

239 of assembly fragments and small scaffolds on statistical outcomes, only chromosomes 

240 longer than 10 Mb were included in the analysis. Chromosomes were categorized and 

241 organized according to species prefixes. Using the chromosome-level coverage 

242 statistics, we constructed a matrix correlating sample information with chromosome 

243 coverage, and subsequently generated a heatmap to visualize the results. 

244 PCR detection of donor DNA in the recipient sperm

245 To determine whether the sperm produced by the transplanted recipients originated 

246 from recipient goldfish or donor grass carp, genomic DNA (gDNA) was extracted from 

247 sperm samples from transplanted goldfish, WT grass carp, and WT goldfish using a 

248 TaKaRa MiniBEST Universal Genomic DNA Extraction Kit (Takara, Japan). Species-

249 specific primers for grass carp (Civasa-DNA-F/R) and goldfish (Cavasa-DNA-F/R), 

250 targeting the vasa gDNA sequences, were designed to confirm the presence of donor-

251 derived grass carp sperm in the transplanted goldfish recipients (Supplementary Table 

252 S1). The PCR procedures and conditions were identical to those described in the 

253 “Preparation of germ cell–depleted goldfish recipients” section.

254 Scanning electron microscopy of surrogate-derived spermatozoa

255 Sperm samples were obtained from the transplanted goldfish, WT goldfish, and WT 
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256 grass carp for analysis via scanning electron microscopy (SEM). Fresh sperm samples 

257 from three individuals within each group were fixed in 2.5% glutaraldehyde overnight 

258 at 4°C, followed by post-fixation in 1% osmium tetroxide (Servicebio, China). The 

259 samples were dehydrated through a graded series of ethanol and subsequently subjected 

260 to critical-point drying utilizing a Critical Point Dryer (K850; Quorum Technologies 

261 Ltd., UK). Thereafter, the samples were sputter-coated with platinum using an Ion 

262 Sputtering Apparatus (MC1000; Hitachi High-Tech Corporation, Japan). Spermatozoa 

263 ultrastructure was assessed using a scanning electron microscope (SU8100; Hitachi 

264 High-Tech Corporation, Japan). To compare the morphological differences in 

265 spermatozoa among the three groups, 30 spermatozoa from each individual were 

266 randomly selected, and their head areas were subsequently determined using ImageJ 

267 software (v.1.53c).

268 Genome resequencing and analysis

269 The quality of sperm DNA from WT goldfish, WT grass carp, and successfully 

270 transplanted goldfish was assessed using a NanoDrop One spectrophotometer (Thermo 

271 Fisher Scientific, USA). DNA libraries were constructed using an MGIEasy FS DNA 

272 Library Prep Set (BGI, China) and subjected to paired-end sequencing with 150 base 

273 pairs on a DNBSEQ-T7 platform (MGI Tech Co., Ltd., China). Approximately 10 and 

274 18 G clean data, with a quality score (Q30) exceeding 95%, were generated for grass 

275 carp and goldfish, respectively. To facilitate a comparative analysis of read alignment 

276 and genomic coverage between the two species, a consolidated reference genome was 

277 developed as detailed in the “RNA sequencing and analysis” section, and whole-
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278 genome coverage analysis was performed. The Burrows–Wheeler Aligner maximal 

279 exact match (BWA-MEM) algorithm was employed to align the resequencing reads 

280 from each sample to the consolidated reference genome, and the resulting Binary 

281 Alignment/Map (BAM) files were subsequently sorted and indexed. To enhance the 

282 reliability of the alignment results, only primary alignments with a MAPQ score≥30 

283 were retained, excluding secondary and supplementary alignments, for further 

284 statistical analysis. BEDtools (v.2.27.1) was used to calculate the coverage breadth, 

285 defined as the proportion of bases covered by reads on each chromosome. A heatmap 

286 was generated to visually depict the differences in coverage among various samples on 

287 the consolidated genome.

288 Sperm motility analysis and in vitro fertilization of surrogate-derived sperm

289 To induce spermiation in both transplanted and WT goldfish, a high-efficiency 

290 reproduction reagent (Shanghai Biological Science Co., Ltd., China) was administered 

291 via intraperitoneal injection at a dosage of 200 U/kg. Approximately 8–10 h post-

292 hormone injection, milt was collected from the urogenital papilla and maintained on ice 

293 until fertilization. Subsequently, sperm kinetic parameters, including the percentage of 

294 progressive motility (PMOT, %), curvilinear velocity (VCL, μm/s), straight-line 

295 velocity (VSL, μm/s), and average path velocity (VAP, μm/s), were evaluated using a 

296 computer-assisted sperm analysis (CASA) system (CEROS II; Hamilton Thorne, USA). 

297 The concentration and volume of the milt were also quantified. Ovulation in grass carp 

298 was induced by administering luteinizing hormone–releasing hormone A2 (Ningbo 

299 Sansheng Pharmaceutical Co., Ltd., China) at a dosage of 8 μg/kg. Eggs were retrieved 
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300 10–12 h post-hormone injection by gently applying pressure to the abdomen of females. 

301 In vitro fertilization was conducted using the following parental combinations: GSCT 

302 sperm with WT grass carp eggs, WT grass carp sperm with WT grass carp eggs, WT 

303 goldfish sperm with WT goldfish eggs, and WT goldfish sperm with WT grass carp 

304 eggs. Sperm and eggs from three individuals within each group were utilized, and the 

305 fertilization rate was subsequently calculated. Following hatching, five individuals 

306 from each experimental group were randomly selected and pooled for DNA extraction. 

307 Subsequent genetic analysis was conducted using PCR with species-specific vasa 

308 primers, as detailed in the “PCR detection of donor DNA in the recipient sperm” section. 

309 Larvae were imaged using a stereomicroscope (V16; Carl Zeiss, Germany) at 1 and 21 

310 dph.

311 Statistical analysis

312 The data are presented as the mean±standard error (SE). The Shapiro–Wilk test 

313 indicated that the distribution of the head area of spermatozoa from transplanted 

314 goldfish, WT goldfish, and WT grass carp did not follow a normal distribution. 

315 Consequently, the Kruskal–Wallis test, followed by Dunn’s multiple comparisons test, 

316 was used to evaluate the statistical significance of differences in the head area of 

317 spermatozoa among these groups. For PMOT, VCL, VSL, and VAP, the normality and 

318 homogeneity of variances were confirmed using Shapiro–Wilk and Bartlett’s tests. 

319 Subsequently, a one-way analysis of variance (ANOVA), followed by Tukey’s multiple 

320 comparison test, was conducted to evaluate statistical significance. Differences were 

321 deemed significant at P<0.001. Statistical analyses were performed, and graphs were 
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322 generated, using GraphPad Prism 9 (GraphPad Software, USA). Phylogenetic distances 

323 between donor and recipient species were estimated using TimeTree 

324 (http://www.timetree.org/).

325 RESULTS

326 Early gonadal development of goldfish

327 To determine the optimal timing for conducting GSCT in recipient goldfish larvae, we 

328 examined endogenous PGC migration and genital ridge formation by analyzing serial 

329 sections of whole larvae. In larvae ranging from 6.13 mm (3 dph) to 7.02 mm (5 dph), 

330 PGCs characterized by large, round nuclei were observed to settle in the dorsal region 

331 of the peritoneal cavity, where the genital ridge is expected to form (Figure 2A–F). At 

332 both stages, the PGCs had not yet been encapsulated by gonadal somatic cells. The 

333 average numbers of PGCs per individual were 21.00±2.39 and 31.00±2.97 

334 (Supplementary Figure S1), respectively. In larvae measuring 8.44 mm (7 dph), the 

335 genital ridges were distinctly formed, and a single layer of gonadal somatic cells 

336 enveloped PGCs (Figure 2G–I). At this stage, the number of PGCs increased to 

337 46.40±3.22 (Supplementary Figure S1). These findings suggest that PGC migration in 

338 goldfish is completed by 5 dph.

339 Morphological and molecular characteristics of germ cell–depleted gonads 

340 following dnd knockdown

341 To evaluate the efficacy of germ cell depletion induced by the MO targeting dnd (dnd-

342 MO), both dnd-MO and GFP-zfnanos3 3′ UTR mRNA were injected into embryos at 

  

http://www.timetree.org/


17

343 the 1-cell stage. GFP-labeled PGCs were present in 62.28±0.85% of embryos injected 

344 only with GFP-zfnanos3 3′ UTR mRNA (Figure 3A; Table 1). In contrast, embryos co-

345 injected with dnd-MO and GFP-zfnanos3 3′ UTR mRNA exhibited an almost complete 

346 absence of GFP-labeled PGCs (94.00±0.89%; Figure 3B; Table 1), indicating that the 

347 administered dose of dnd-MO effectively induced PGC depletion in goldfish. A 

348 comprehensive histological analysis of gonads at 50 dph was conducted to further 

349 investigate germ cell ablation in morphants. In WT fish, all examined ovaries (9/9) 

350 exhibited an ovarian cavity and primary oocytes at the perinuclear stage (Figure 3C), 

351 while the testes (9/9) contained dispersed spermatogonia (Figure 3D). In contrast, the 

352 gonads of morphants appeared to differentiate into two distinct structures resembling 

353 ovaries (Figure 3E) and testes (Figure 3F), respectively. Notably, nearly all morphants 

354 (17/18) lacked germ cells.

355 In 5-month-old WT goldfish, the differentiation between ovaries and testes was 

356 evident based on their external morphology (Figure 3G, I). At this developmental stage, 

357 the ovaries contained a substantial number of fully grown oocytes (Figure 3H), while 

358 the testes comprised spermatogonia, primary and secondary spermatocytes, and 

359 spermatids within each seminal lobule (Figure 3J). In contrast, in dnd morphants, type 

360 I gonads exhibited an ovarian-like structure with an ovarian cavity but were devoid of 

361 oocytes (9/10; Figure 3K, L). Type II gonads, on the other hand, consisted of 

362 seminiferous lobule-like structures lacking germ cells (8/8; Figure 3M, N). Moreover, 

363 vasa expression was detected in the gonads of WT goldfish but not in the gonads of dnd 

364 morphants (Figure 3O). The ovarian granulosa cell marker gene foxl2 was 
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365 predominantly expressed in the ovaries of WT goldfish and in type I gonads (Figure 

366 3O). In contrast, the expression of the testicular Leydig cell gene cyp11b was primarily 

367 observed in the testes of WT goldfish and in type II gonads (Figure 3O). The gonadal 

368 somatic cell gene gsdf was expressed in both gonads of WT goldfish and dnd morphants 

369 (Figure 3O). Overall, the ablation of germ cells did not influence sex differentiation in 

370 goldfish.

371 Transplantation of grass carp testicular cells into goldfish recipients

372 Vasa-positive signals were specifically observed in the germ cells of donor grass carp 

373 testes. Moreover, no distinct testicular lobules were observed, and isolated and paired 

374 spermatogonia, presumed to be SSCs, were dispersed throughout the testes (Figure 4A). 

375 Approximately 100 000 donor grass carp testicular cells, labeled with PKH26 (Figure 

376 4B, C), were intraperitoneally transplanted into 4 dph goldfish larvae (Figure 4D). 

377 PKH26-labeled cells were subsequently detected in the peritoneal cavity of recipients 

378 using fluorescence microscopy (Figure 4E), whereas no fluorescence was observed in 

379 non-transplanted larvae. The survival rates at 21 dpt were 82.96±0.89% for the 

380 transplanted group and 92.63±1.56% for the non-transplanted group (Table 2).

381 Incorporation and differentiation of donor SSCs in gonads of germ cell–depleted 

382 goldfish recipients

383 At 21 dpt, fluorescence microscopy detected PKH26-labeled donor testicular cells in 

384 the gonads of transplanted goldfish (Figure 5A, B), whereas no red fluorescence was 

385 detected in the gonads of control fish (Figure 5C, D). The colonization rate of donor 

386 SSCs in germ cell–depleted recipients was 75.00% (18/24). At 3 mpt, WT ovaries were 
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387 replete with primary growth oocytes (Figure 5E), while WT testes comprised different 

388 types of germ cells, including spermatogonia, primary and secondary spermatocytes, 

389 and spermatids (Figure 5F). Conversely, irrespective of sex, the gonads of dnd 

390 morphants were devoid of germ cells and instead displayed structures analogous to 

391 ovarian cavities and seminiferous lobules (Figure 5G, H). In the GSCT group, 

392 gametogenesis was observed in 11 out of 15 transplanted goldfish (Table 2), including 

393 7 females and 4 males. Compared with WT goldfish gonads, transplanted gonads 

394 exhibited slower development, with ovaries containing only early perinuclear oocytes 

395 and testes only comprising spermatogonia (Figure 5I, J). Moreover, based on 

396 differences in the vasa gene sequence between donor grass carp and recipient goldfish, 

397 species-specific primers were designed to distinguish donor- and recipient-derived 

398 germ cells (Supplementary Figure S2; Supplementary Figure S3A). RT-PCR using 

399 these species-specific primers revealed that, in 10 of the 15 transplanted goldfish, germ 

400 cells originated exclusively from transplanted grass carp SSCs, with no detectable 

401 endogenous goldfish germ cells (Figure 5K). Notably, only one transplanted goldfish 

402 (TP-14) contained germ cells from both the donor grass carp and the recipient goldfish.

403 Gametogenesis of colonized grass carp SSCs in recipient goldfish

404 In WT goldfish, light yellow oocytes were observed within the ovaries (Figure 6A), 

405 whereas milk-white testes were identified at 6 mpt (Figure 6C). Subsequent histological 

406 analysis revealed that WT ovaries contained a substantial number of fully grown 

407 oocytes (Figure 6B), whereas WT testes predominantly comprised spermatids (Figure 

408 6D). In contrast, the gonads of both female and male dnd morphants were thin and 
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409 translucent (Figure 6E, G). No germ cells were observed; however, ovarian cavity–like 

410 and seminiferous lobule–like structures were present in the female and male gonads, 

411 respectively (Figure 6E–H). In successful GSCT goldfish, ovarian development 

412 progressed only to the cortical alveolus stage at 6 mpt. Even at 10 mpt, the ovaries of 

413 GSCT goldfish exhibited a similar appearance to those of WT goldfish (Figure 6I), 

414 although most oocytes were at the late vitellogenic stage (Figure 6J). In contrast, both 

415 the morphological and histological characteristics of testes in successful GSCT goldfish 

416 were comparable to those of WT testes (Figure 6K, L). The presence of donor grass 

417 carp germ cells in recipient goldfish gonads was further confirmed by donor vasa gene 

418 expression (Supplementary Figure S4). Donor-specific vasa amplicons were detected 

419 in 16 out of 23 (69.57%) recipient ovaries and 11 out of 21 (52.38%) recipient testes. 

420 Notably, only one GSCT goldfish (TP-7) contained both donor and recipient vasa 

421 amplicons.

422 To further characterize the gonadal transcriptomic profiles of successful GSCT in 

423 goldfish, RNA sequencing was conducted on grass carp vasa-positive gonads from 

424 GSCT goldfish, as well as on WT gonads from both goldfish and grass carp. The 

425 resulting transcripts were aligned to a consolidated reference genome comprising both 

426 goldfish and grass carp sequences for RNA-seq alignment and coverage analysis 

427 (Figure 6M). In WT grass carp ovaries, the average base-weighted coverage fractions 

428 were 0.628 for the grass carp genome and 0.004 for the goldfish genome. 

429 Correspondingly, testes exhibited average base-weighted coverage fractions of 0.820 

430 for the grass carp genome and 0.005 for the goldfish genome. In contrast, dnd morphant 
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431 ovaries exhibited average base-weighted coverage fractions of 0.008 and 0.612 for the 

432 grass carp and goldfish genomes, respectively, while their testes showed values of 0.008 

433 and 0.567, respectively. Within the GSCT group, the average base-weighted coverage 

434 fractions for grass carp vasa-positive ovaries and testes in goldfish were 0.603 and 

435 0.773, respectively, for the grass carp genome, and 0.278 and 0.420, respectively, for 

436 the goldfish genome (Supplementary Table S2). These results suggest that the GSCT 

437 gonads were chimeric and contained transcripts derived from both grass carp and 

438 goldfish.

439 Production of grass carp sperm in recipient goldfish

440 Following hormonal induction, semen was successfully collected from 11 of 21 

441 transplanted male goldfish. Subsequently, species-specific vasa DNA fragments were 

442 amplified from gDNA (Supplementary Figure S2; Supplementary Figure S3B). Of the 

443 11 semen samples, 10 exclusively contained gDNA from the donor grass carp, while 

444 only one sample, from transplanted goldfish TP-Sp2, contained gDNA from both donor 

445 grass carp and recipient goldfish (Figure 7A). To further confirm the production of 

446 donor grass carp sperm by recipient goldfish, SEM was used to compare the 

447 ultrastructure of spermatozoa from WT grass carp, WT goldfish, and donor-derived 

448 grass carp spermatozoa produced by recipient goldfish (GSCT spermatozoa). The head 

449 area of spermatozoa from WT grass carp (1.98±0.01 μm²) was significantly smaller 

450 than that of WT goldfish (2.66±0.01 μm²). However, GSCT spermatozoa exhibited a 

451 head area (2.03±0.01 μm²) similar to that of WT grass carp spermatozoa, suggesting 

452 that recipient goldfish successfully produced donor grass carp sperm (Figure 7B–H). 
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453 Moreover, the sperm concentration and milt volume of successfully transplanted germ 

454 cell–free recipients were (5.64±0.47)×109 spermatozoa/mL and 754.40±65.18 μL, 

455 respectively; both were lower than those of WT goldfish (Figure 7I). Finally, genetic 

456 consistency among goldfish, grass carp, and GSCT sperm was assessed using whole-

457 genome resequencing (Figure 7J; Supplementary Table S3). The genomic sequences 

458 obtained from these samples were mapped to the consolidated reference genome 

459 containing both goldfish and grass carp sequences. The analysis revealed that the GSCT 

460 sperm genome was consistent with that of grass carp but differed substantially from 

461 that of goldfish.

462 To evaluate the functionality of surrogate grass carp sperm produced by recipient 

463 goldfish, these sperm were utilized to fertilize eggs from both WT grass carp and 

464 goldfish. CASA indicated no significant differences in sperm progressive motility and 

465 kinetics (VCL, VSL, and VAP) among spermatozoa from goldfish, grass carp, and 

466 GSCT sperm (Figure 8A). The offspring produced from GSCT sperm and grass carp 

467 eggs exhibited normal development (Figure 8B, C). The fertilization and hatching rates 

468 were 51.36±6.93% and 67.93±3.89%, respectively, which were comparable to those 

469 achieved with WT grass carp sperm and WT eggs (53.04±4.53% and 72.65±1.62%). 

470 Furthermore, these offspring could be reared without any detectable abnormalities 

471 (Figure 8F, G). In contrast, goldfish sperm fertilized grass carp eggs at a low rate of 

472 5.38±0.66%, and all resulting hybrid embryos exhibited malformations and died within 

473 4 days post-fertilization (dpf; Figure 8E). PCR analysis further demonstrated that larvae 

474 produced from GSCT sperm only contained grass carp gDNA (Figure 8I).
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475 DISCUSSION

476 In this study, functional donor grass carp sperm was successfully generated by sterile 

477 goldfish recipients through xenogeneic GSCT in a notably short timeframe. Grass carp 

478 typically require 5 years to reach sexual maturity and achieve a body weight of 

479 approximately 10–20 kg (Li et al., 2023; Lin et al., 2022). In contrast, goldfish hosts 

480 produced donor-derived grass carp sperm at approximately 6 months of age, with an 

481 average body weight of 40.48 g. Although the use of surrogate goldfish extends the 

482 time required to obtain donor grass carp sperm by 3 months relative to that required by 

483 zebrafish recipients (Ye et al., 2026), the resulting semen volume is considerably larger 

484 (754 μL vs. 1 μL), enhancing practicality for breeding purposes. Furthermore, 

485 employing goldfish to produce grass carp sperm substantially reduces the spatial and 

486 financial demands of maintaining grass carp broodstock. Consequently, this study 

487 offers a viable approach to expedite grass carp genetic breeding.

488 The selection of an appropriate larval-stage recipient for GSCT is crucial for the 

489 successful incorporation of donor-derived GSCs into the recipient's genital ridge. Prior 

490 research, including studies on Nibea mitsukurii (Takeuchi et al., 2009), Rhodeus 

491 ocellatus ocellatus (Octavera & Yoshizaki, 2019), and Plecoglossus altivelis (Ichida et 

492 al., 2025), has demonstrated that recipients lose the capacity to guide donor GSCs to 

493 the genital ridge when endogenous PGCs become fully encased by gonadal somatic 

494 cells. Histological analyses of goldfish larvae indicated that PGCs migrate and settle at 

495 the genital ridge between 3–5 dph, whereas by 7 dph, PGCs are enveloped by a single 
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496 layer of gonadal somatic cells. These findings suggest that goldfish larvae at 3–5 dph 

497 are optimal candidates for use as recipients. Franěk et al. (2021) reported that host 

498 goldfish produced donor common carp gametes when transplantation was conducted at 

499 6 dpf. The present study also observed high transplantation efficiency when GSCT was 

500 performed before 5 dph: 75% of recipients were identified as chimeras at 21 dpt, and 

501 50% of male recipients produced donor-derived grass carp sperm.

502 Donor-derived egg production is particularly desirable through GSCT because 

503 established cryopreservation methods for fish eggs and embryos are lacking (Qin et al., 

504 2025). Two key factors are crucial for egg production via GSCT. First, the gonadal sex 

505 differentiation of the recipient should occur independently of the presence of PGCs, 

506 allowing germ cell–depleted gonads to exhibit sexual dimorphism. Consistent with 

507 previous findings (Goto et al., 2012), knocking down the dnd gene does not affect 

508 ovarian somatic cell differentiation in goldfish. Second, the genetic distance between 

509 donor and recipient species is a significant determinant. Current intergeneric GSCT 

510 studies have yielded two outcomes regarding donor gamete production (Goto & Saito, 

511 2019; Yoshizaki & Yazawa, 2019). When the phylogenetic distance between donor and 

512 recipient species is within 28.0 million years ago (Ma), both donor eggs and sperm can 

513 be produced via the surrogate host. This phenomenon has been demonstrated in the 

514 Salmonidae family using Salmo salar and Oncorhynchus mykiss (28.0 Ma) as donor 

515 and recipient, respectively (Hattori et al., 2019); in the Cyprinidae family using 

516 Cyprinus carpio and Carassius auratus (25.8 Ma) (Franěk et al., 2021); and in the 

517 Acheilognathinae subfamily using Rhodeus ocellatus ocellatus and Tanakia lanceolata 
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518 (26.7 Ma) (Octavera et al., 2023). However, when the divergence time between donor 

519 and recipient species exceeds 51.0 Ma, even within the same family, only donor sperm 

520 can be generated by the recipient. For instance, functional donor-derived yellowtail 

521 (Seriola quinqueradiata) sperm were produced by recipient jack mackerel (Trachurus 

522 japonicus), but no donor-derived primary oocytes were observed in the recipient gonad 

523 (Morita et al., 2015). In the Cyprinidae family, recipient zebrafish generated only 

524 donor-derived sperm from goldfish (Saito et al., 2008), Chinese rare minnow 

525 (Gobiocypris rarus) (Zhang et al., 2022), and grass carp (Ye et al., 2026), even when 

526 male zebrafish were treated with estradiol, which induces ovary formation and 

527 subsequent egg production in WT zebrafish (Saito et al., 2008). In the current study, 

528 the 90-million-year evolutionary divergence between goldfish and grass carp did not 

529 affect the development of donor SSCs within ovaries of the recipient. A comprehensive 

530 genomic analysis revealed two distinct subgenomes in goldfish, which diverged from 

531 their common ancestor with grass carp approximately 32.8–36.8 Ma (Chen et al., 2020). 

532 This relatively close genetic relationship between goldfish and grass carp may enhance 

533 the potential for successful development of donor SSCs within the ovaries of recipients. 

534 Nonetheless, the distinct characteristics of the eggs—demersal in goldfish and semi-

535 buoyant in grass carp—may contribute to the maturation failure of grass carp eggs in 

536 goldfish, potentially because of differences in the nutritional requirements of these egg 

537 types. Therefore, further studies should explore nutritional supplementation and 

538 reproductive regulation to promote the maturation of donor-derived grass carp eggs 

539 within recipients. Production of functional donor-derived grass carp eggs would 
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540 substantially broaden the utility of this surrogate system.

541 The incomplete depletion of endogenous PGCs using dnd-MO in approximately 6% 

542 of goldfish may lead to hybrids in GSCT offspring. Residual PGCs in recipients may 

543 limit the effectiveness of knockdown-based sterilization because manual microinjection 

544 can result in interindividual variability in the volume of reagent delivered. A similar 

545 phenomenon has been observed in other fish species (Octavera & Yoshizaki, 2019; Tao 

546 et al., 2022). In light of the potential for hybridization between grass carp and goldfish, 

547 previous research (female grass carp×male common carp [2n=100]) and our current 

548 findings (female grass carp×male goldfish [2n=100]) indicate that progeny from the 

549 cross between female grass carp and male cyprinids with 100 chromosomes exhibit 

550 developmental abnormalities and ultimately fail to survive post-hatching (Stanley, 1976; 

551 Wu et al., 1981; Ye et al., 1989). In the reciprocal cross between female common carp 

552 and male grass carp (Stanley, 1976; Wu et al., 1981), a small percentage of eggs (3.45%) 

553 successfully developed into hatched larvae; however, the survival rates were markedly 

554 reduced, reaching only 0.035% by the age of 3 months. Given that lionhead goldfish, 

555 used as recipients in the present study, produce an average of 8 900±3 300 eggs per 

556 spawning event (Yu et al., 2022), even assuming a similar survival rate, only 

557 approximately 3 viable offspring would be expected from a single spawning event. 

558 Consequently, although the occurrence of viable hybrid offspring cannot be entirely 

559 ruled out in fertile female recipient goldfish, the extremely low survival potential of 

560 such hybrids implies that the risk of substantial unintended hybrid contribution is likely 

561 limited. Nonetheless, whether the reciprocal cross between female goldfish and male 
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562 grass carp exhibits similar developmental outcomes remains to be experimentally 

563 determined.

564 When donor spermatozoa are produced by surrogate hosts, their morphology more 

565 closely resembles that of the donor species than that of the host species. For example, 

566 the flagellum length of spermatozoa from surrogate goldfish was comparable to that of 

567 donor common carp, but not to that of recipient goldfish (Franěk et al., 2021). Similar 

568 findings were observed in inter-family GSCT involving Japanese flounder 

569 (Paralichthys olivaceus) and turbot (Scophthalmus maximus) as donor and recipient, 

570 respectively (Zhou et al., 2021). Conversely, recipient zebrafish reportedly influence 

571 the morphology of surrogate Chinese rare minnow spermatozoa (Zhang et al., 2022). A 

572 different outcome was observed when recipient zebrafish produced donor grass carp 

573 spermatozoa (Ye et al., 2026). In the present study, when recipient goldfish produced 

574 grass carp sperm, the morphological characteristics of surrogate grass carp spermatozoa 

575 were indistinguishable from those of donor grass carp. These findings suggest that the 

576 morphology of surrogate-derived spermatozoa is predominantly germ cell–autonomous.

577 In conclusion, we successfully established an intergeneric GSCT system using 

578 germ cell–depleted goldfish as recipients, enabling the production of large quantities of 

579 functional donor-derived grass carp sperm. Notably, donor-derived SSCs differentiated 

580 into oogonia and subsequently developed into late-vitellogenic oocytes within the 

581 recipient gonadal somatic environment. Effective measures, such as nutritional and 

582 reproductive regulation, should be implemented to facilitate the maturation of surrogate 

583 oocytes. Overall, this technology holds great promise for significantly shortening the 
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584 generation interval in grass carp and other economically important cyprinid species 

585 with prolonged sexual maturation periods.
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706

707 Figure 1 Schematic diagram of the experimental procedure

708 GSCT, germline stem cell transplantation; dph, days post-hatching; dpt, days post-
709 transplantation; mpt, months post-transplantation; SSCs, spermatogonia stem cells; 
710 dnd-MO, morpholino targeting dead end; RT-PCR, reverse transcription PCR; RNA-
711 seq, RNA sequencing; CASA, computer-assisted sperm analysis; n, sample size.
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712
713 Figure 2 Early gonadal development of recipient goldfish larvae
714 A–C: Goldfish larvae appearance (A) and H&E-stained transverse sections (B) at 3 dph 
715 (TL 6.13 mm). A magnified view of the boxed region in B is shown in (C). D–F: 
716 Goldfish larvae appearance (D) and H&E-stained transverse sections (E) at 5 dph (TL 
717 7.02 mm). A magnified view of the boxed region in E is shown in (F). G–I: Goldfish 
718 larvae appearance (G) and H&E-stained transverse sections (H) at 7 dph (TL 8.44 mm). 
719 A magnified view of the boxed region in H is shown in (I). PGC, primordial germ cell; 
720 SC, gonadal somatic cell; H&E, hematoxylin and eosin; TL, total length; dph, days 
721 post-hatching.
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722

723 Figure 3 Morphological and molecular characteristics of goldfish gonads following 

724 dnd knockdown using morpholino (MO)
725 A, B: Fluorescence images of goldfish larvae (1 dph) with GFP-labeled PGCs. GFP-
726 nanos3 3′ UTR mRNA was injected alone (A) or together with dnd-MO (B) into one-
727 cell stage goldfish embryos to label PGCs and evaluate dnd-MO induced germ cell 
728 depletion. C–F: Histological structures of wild-type (WT) and dnd-MO goldfish gonads 
729 at 50 dph. H&E-stained images of the gonads of WT females (C), WT males (D), dnd-
730 MO females (E), and dnd-MO males (F). G–N: Morphological and histological 
731 analyses of WT and dnd-MO gonads (5-month-old). External morphology and 
732 corresponding H&E-stained sections of ovaries (G, H) and testes (I, J) in WT goldfish, 
733 and gonads of dnd-MO females (K, L) and males (M, N). O: Gene expression analysis 
734 of germ cell marker vasa, ovarian granulosa cell gene foxl2, testicular Leydig cell gene 
735 cyp11b, and supporting cell gene gsdf in WT and dnd-MO goldfish gonads. β-actin was 
736 used as an internal control. N, negative control. PO, primary oocytes; OC, ovarian 
737 cavity; SG, spermatogonia; FG, fully grown oocytes; PSP, primary spermatocytes; SSP, 
738 secondary spermatocytes; SPD, spermatids; SL, seminiferous lobule; H&E, 
739 hematoxylin and eosin; GFP, green fluorescent protein; PGCs, primordial germ cells; 
740 UTR, untranslated region; dph, days post-hatching.
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741
742 Figure 4 Intraperitoneal transplantation of grass carp testicular cells into goldfish 

743 recipient larvae
744 A: Immunofluorescence staining for Vasa in grass carp testis. B, C: PKH26-labeled 
745 grass carp testicular cells in bright-field (B) and fluorescent (C) views. D: 
746 Intraperitoneal transplantation of PKH26-labeled testicular cells into 4 dph goldfish 
747 larvae. E: Fluorescent image of recipient goldfish showing PKH26-labeled donor cells. 
748 SG, spermatogonia; dph, days post-hatching.
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749
750 Figure 5 Colonization and differentiation of donor-derived spermatogonia stem 

751 cells (SSCs) in gonads of germ cell–depleted goldfish recipients
752 A–D: Incorporation of PKH26-labeled donor SSCs in germ cell–depleted recipients 
753 and control fish at 21 dpt. Bright-field (A, C) and fluorescent (B, D) views of PKH26-
754 labeled donor cells in the gonads of recipients and control goldfish. E–J: Histological 
755 structures of wild-type (WT), dnd-MO, and successfully transplanted goldfish gonads 
756 at 3 mpt. H&E-stained images of the gonads of WT females (E) and males (F), dnd-
757 MO females (G) and males (H), and transplanted goldfish (TP) females (I) and males 
758 (J). K: Reverse transcription PCR (RT-PCR) assay of grass carp vasa (Civasa) and 
759 goldfish vasa (Cavasa) expression in TP gonads, dnd-MO ovaries (MO-O) and testes 
760 (MO-T), grass carp ovaries (Ci-O) and testes (Ci-T), and goldfish ovaries (Ca-O) and 
761 testes (Ca-T). β-actin was used as an internal control. N, negative control. PO, primary 
762 oocytes; OC, ovarian cavity; SG, spermatogonia; PSP, primary spermatocytes; SSP, 
763 secondary spermatocytes; SPD, spermatids; H&E, hematoxylin and eosin; MO, 
764 morpholino; dpt, days post-transplantation; mpt, months post-transplantation.
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765

766 Figure 6 Gametogenesis of colonized grass carp spermatogonia stem cells (SSCs) 

767 in recipient goldfish
768 A–L: Morphology of adult wild-type (WT), dnd-MO, and successfully transplanted (TP) 
769 goldfish gonads. The external morphology and H&E-stained sections of gonads from 
770 WT females (A, B) and males (C, D) at 6 months post-transplantation (mpt), dnd-MO 
771 females (E, F) and males (G, H) at 6 mpt, and TP females (I, J) at 10 mpt and males (K, 
772 L) at 6 mpt, respectively. M: Heatmap showing the weighted coverage fraction of RNA-
773 seq reads of grass carp vasa-positive gonads in transplanted goldfish. Weighted 
774 coverage fractions were calculated against the consolidated grass carp–goldfish 
775 genome for RNA sequencing reads from WT goldfish, dnd-MO goldfish, WT grass 
776 carp, and grass carp vasa-positive gonads from TP gonads. Blue represents low 
777 coverage and red represents high coverage; values range from 0 to 1. FGO, fully grown 
778 oocytes; SPD, spermatids; OC, ovarian cavity; SL, seminiferous lobules; LVO, late-
779 vitellogenic oocytes; H&E, hematoxylin and eosin; MO, morpholino.
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780
781 Figure 7 Transplanted goldfish produce donor-derived grass carp sperm
782 A: Polymerase chain reaction (PCR) detection of vasa genomic DNA fragments in 
783 sperm from transplanted goldfish using grass carp-specific (Civasa), goldfish-specific 
784 (Cavasa) and common (vasa) primers. TP-Sp1–11 represent sperm from 11 
785 successfully transplanted males; Ci-Sp represents grass carp sperm; Ca-Sp represents 
786 goldfish sperm. N, negative control. B–G: Scanning electron microscopy images of 
787 spermatozoa from grass carp, goldfish, and transplanted goldfish. Magnified images of 
788 the sperm heads in B, D, and F are shown in C, E, and G, respectively. H: Head area of 
789 spermatozoa comparison among grass carp, goldfish, and transplanted (TP) goldfish. I: 
790 Sperm concentration and milt volume in wild-type (WT) goldfish (n=5) and TP goldfish 
791 (n=11). J: Heatmap showing whole-genome sequencing coverage of sperm from WT 
792 goldfish (Ca-WT-SP), WT grass carp (Ci-WT-SP), and GSCT goldfish (TP-SP). The 
793 horizontal axis represents the chromosomes of the consolidated genome, whereas the 
794 vertical axis represents the samples; the colors indicate the log1p (coverage breadth). 
795 ns, not significant; ***: P<0.001.
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796

797 Figure 8 Functional analysis of grass carp sperm produced by surrogate goldfish
798 A: Progressive motility (PMOT) and sperm kinetic parameters of wild-type (WT) grass 
799 carp, goldfish, and GSCT sperm. Parameters include VCL (curvilinear velocity), VSL 
800 (straight-line velocity), and VAP (average path velocity). B–H: In vitro fertilization of 
801 grass carp eggs using GSCT or goldfish sperm. Larvae at 1 and 21 dph obtained from 
802 fertilization using GSCT sperm and WT grass carp eggs (B, F). WT grass carp (C, G) 
803 controls and WT goldfish (D, H) controls. Larvae at 1 dph obtained from fertilization 
804 using goldfish sperm and grass carp eggs (E). I: Polymerase chain reaction (PCR) 
805 detection of vasa genomic DNA fragments in larvae from GSCT sperm fertilized with 
806 WT grass carp eggs using grass carp-specific (Civasa), goldfish-specific (Cavasa), and 
807 common (vasa) primers. CiTP-1–9 represent larvae produced by fertilizing WT grass 
808 carp eggs with sperm from GSCT males from three parental pairs; CiCi-1–3 represent 
809 WT grass carp offspring from three parental pairs; CaCa-1–3 represent WT goldfish 
810 from three parental pairs; and CiCa-1–3 represent larvae produced by fertilizing WT 
811 grass carp eggs with WT goldfish sperm from three parental pairs. N, negative control; 
812 GSCT, germline stem cell transplantation; dph, days post-hatching.

  



42

813 Table 1 Depletion of primordial germ cells (PGCs) by a dnd-targeting morpholino 

814 in goldfish (Carassius auratus)
Experimental 

group
No. of embryos 

injected
Hatched embryos 

(%)
Larvae with labeled 
PGCs/examined (%)

145 85 (58.62%) 17/28 (60.71%)

101 62 (61.39%) 21/33 (63.64%)
GFP-nanos3 3′ 
UTR mRNA

112 74 (66.07%) 20/32 (62.50%)

129 72 (55.81%) 1/23 (4.35%)

116 61 (52.59%) 2/27 (7.41%)
GFP-nanos3 3′ 

UTR mRNA and 
dnd-MO 155 83 (53.55%) 2/32 (6.25%)

189 146 (77.25%) 0/26 (0%)

165 121 (73.33%) 0/25 (0%)Control

176 142 (80.68%) 0/31 (0%)

815 Values are shown as counts and percentages. PGCs, primordial germ cells; GFP, green 
816 fluorescent protein; UTR, untranslated region; dnd-MO, morpholino targeting dead end. 
817 Each row represents one experimental trial.

  



43

818 Table 2 Survival and colonization rates of donor grass carp spermatogonia stem cells transplanted into goldfish recipients

Trials Initial larvae (n)
Survivors at 
21 dpt (%)

Colonized/examined 
at 21 dpt (%)

Gametogenesis/exa
mined at 3 mpt (%)

Males producing grass 
carp sperm/examined (%)

Females with grass carp late-
vitellogenic oocytes/examined (%)

1 126 104 (82.54%) 6/8 (75.00%) 4/5 (80.00%) 3/6 (50.00%) 4/6 (66.67%)

2 120 98 (81.67%) 5/8 (62.50%) 4/5 (80.00%) 6/10 (60.00%) 3/6 (50.00%)

3 124 105 (84.68%) 7/8 (87.50%) 3/5 (60.00%) 2/5 (40.00%) 9/11 (81.82%)

Con 1 142 135 (95.07%) 0/8 (0%) 0/5 (0%) 0/5 (0%) 0/5 (0%)

Con 2 116 108 (93.10%) 0/8 (0%) 0/5 (0%) 0/5 (0%) 0/5 (0%)

Con 3 107 96 (89.72%) 0/8 (0%) 0/5 (0%) 0/5 (0%) 0/5 (0%)

819 dpt, days post-transplantation; mpt, months post-transplantation; Con, non-transplanted control. Each row represents one trial.
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820

821 Supplementary Figure S1 Number of primordial germ cells (PGCs) in goldfish 

822 larvae at the indicated stages

823 PGCs, primordial germ cells; dph, days post-hatching.
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824

825 Supplementary Figure S2 Sequence alignment of vasa gene between goldfish and 

826 grass carp
827 Ca-RNA-F and Ca-RNA-R represent goldfish specific primers to amplify vasa cDNA 
828 fragments. Ca-DNA-F and Ca-DNA-R represent goldfish specific primers to amplify 
829 vasa genomic DNA fragments. Ci-RNA/DNA-F and Ci-RNA/DNA-R represent grass 
830 carp specific primers to amplify vasa cDNA/genomic DNA fragments. C-DNA-F and 
831 C-DNA-R represent common primers to amplify vasa genomic DNA fragments. 
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832

833 Supplementary Figure S3 Species-specific analysis of vasa cDNA and genomic 

834 DNA fragments in grass carp and goldfish
835 A: PCR detection of vasa cDNA fragments using grass carp-specific (Civasa) and 
836 goldfish-specific (Cavasa) primers in ovaries (O-1–3) and testes (T-1–3) of grass carp 
837 and goldfish. β-actin was used as an internal control. B: Polymerase chain reaction 
838 (PCR) detection of vasa genomic DNA fragments using species-specific and common 
839 primers in females (F-1–3) and males (M-1–3) of grass carp and goldfish. M, DNA 
840 marker DL-2000; N, negative control.
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841

842 Supplementary Figure S4 RT-PCR analysis of grass carp vasa (Civasa) and 

843 goldfish vasa (Cavasa) gene expression in transplanted goldfish gonads
844 A: Reverse transcription PCR (RT-PCR) detection of vasa cDNA fragments using grass 
845 carp-specific (Civasa) primers in transplanted (TP) gonads, germ cell–depleted gonads 
846 (dnd-MO ovary, MO-O; dnd-MO testis, MO-T), and positive control gonads (grass carp 
847 ovary, Ci-O; grass carp testis, Ci-T; goldfish ovary, Ca-O; goldfish testis, Ca-T). B: 
848 RT-PCR detection of vasa cDNA fragments using goldfish-specific (Cavasa) primers 
849 in TP gonads, germ cell-deficient gonads, and positive control gonads. C: β-actin was 
850 used as an internal control. M, DNA marker; N, negative control.  
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851 Supplementary Table S1 Primer sequences used for polymerase chain reaction 

852 (PCR)

853 Supplementary Table S2 Weighted coverage fractions of RNA sequencing reads 

854 from wild type (WT) goldfish, dnd-MO goldfish, WT grass carp, and successfully 

855 transplanted recipient gonads with grass carp vasa expression on the consolidated 

856 reference genomes of grass carp and goldfish

857 Supplementary Table S3 A comprehensive whole-genome coverage analysis of 

858 genome resequencing data from wild type (WT) goldfish, WT grass carp, and 

859 successfully transplanted (TP) sperm
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860 题目：金鱼借腹生殖产生草鱼配子的潜力与优势

861

862 叶欢 1,#, 余鹏 2,#,*, 杨晓静 1,#, 岳华梅 1, 周晓雅 3, 屈紫玲 1, 黄玲 1, 侯彦岭 1, 孔辉辉 1, 李

863 彩荣 1, 李志 1, 杨刚 1, 阮瑞 1, 周莉 2,4, 桂建芳 2,4, 李创举 1,*

864

865 1 中国水产科学研究院长江水产研究所，农业农村部淡水生物多样性保护重点实验室，中国

866 湖北武汉 430223

867 2 中国科学院水生生物研究所，水产品种质创制与高效养殖全国重点实验室，中国湖北武汉 

868 430072

869 3 安徽农业大学动物科技学院，中国安徽合肥 230036

870 4 中国科学院大学，中国北京 100049

871 # 共同第一作者

872 * 共同通讯作者，电子邮箱：yupeng@ihb.ac.cn；lcj@yfi.ac.cn

873

874

875 摘要

876 草鱼（Ctenopharyngodon idellus）是亚洲重要的养殖鱼类，其产量约占全球淡水

877 养殖总产量的 10%。然而，草鱼初次性成熟周期长达 4–5 年，严重制约了其育种

878 进程。生殖干细胞移植技术利用性成熟周期较短的受体产生供体配子，从而缩短

879 世代间隔时间，为加快鱼类育种提供新的途径。本研究选用体型较小、世代间隔

880 较短、繁殖力高且可全年规模化繁殖的金鱼（Carassius auratus）作为受体，开展

881 草鱼借腹生殖研究。利用 morpholino 敲降 dnd 基因，获得缺乏生殖细胞的不育

882 金鱼受体，并将从 1.5 龄草鱼精巢中制备的供体细胞移植至出膜后 4 天金鱼仔鱼

883 的腹腔。移植后 6 个月，21 尾雄性金鱼受体中有 11 尾成功产生了具有正常功能

884 的供体来源草鱼精子，平均精液量为 754 μL。此外，与生殖细胞缺失后无法形成

885 卵巢的不育斑马鱼受体不同，不育金鱼受体的性腺体细胞微环境能够支持供体草

886 鱼精原干细胞分化为卵原细胞，并在移植后 10 个月进一步发育为卵黄生成后期

887 的卵母细胞。上述结果表明，金鱼是具有应用潜力的草鱼生殖干细胞移植受体，

888 可为供体草鱼精子的规模化、快速生产提供技术基础，并为未来通过生殖调控获

889 得供体草鱼卵子提供研究依据。

890

891 关键词：草鱼；生殖干细胞移植；金鱼；代孕繁殖；精子
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