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Abstract 27 

Intergeneric hybridization greatly reshapes regulatory interactions among allelic and non-allelic 28 

genes. However, their effects on growth diversity remain poorly understood in animals. In this study, 29 

we conducted whole-genome sequencing and RNA sequencing (RNA-seq) analyses in diverse hybrid 30 

varieties resulting from the intergeneric hybridization of goldfish (Carassius auratus red var.) and 31 

common carp (Cyprinus carpio). These hybrid individuals were characterized by distinct 32 

mitochondrial genomes and copy number variations. Through a weighted gene correlation network 33 

analysis, we identified 3693 genes as candidate growth-regulated genes. Among them, the expression 34 

of 3672 genes in subgenome R (originating from goldfish) displayed negative correlations with 35 

growth rate, whereas 20 genes in subgenome C (originating from common carp) exhibited positive 36 

correlations. Notably, we observed intriguing patterns in the expression of slc2a12 in subgenome C, 37 

showing opposite correlations with body weight that changed with water temperatures, suggesting 38 

differential interactions between feeding activity and weight gain in response to seasonal changes for 39 

hybrid animals. In 40.31% of alleles, we observed dominant trans-regulatory effects in the regulatory 40 

interaction between distinct alleles from subgenomes R and C. Integrating analyses of allelic-specific 41 

expression and DNA methylation data revealed that the influence of DNA methylation on both 42 

subgenomes shapes the relative contribution of allelic expression to the growth rate. These findings 43 

provide novel insights into the interaction of distinct subgenomes that underlie heterosis in growth 44 

traits and contribute to a better understanding of multiple allele traits in animals. 45 

 46 

KEYWORDS: Intergeneric hybridization; Distinct allelic regulation; Growth diversity; Copy 47 

number variations; Mitochondrial regulation 48 
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Introduction 50 

Hybridization and polyploidization could rapidly shape various genotypes and phenotypes, providing 51 

us with abundant materials for studying the contribution of genetic regulation to phenotypes [1]. 52 

Interspecific hybridization in some plants, including Triticum aestivum × Secale cereal [2] and 53 

Brassica nigra × Brassica rapa [3], is always used to obtain varieties with excellent economic traits. 54 

In fish breeding, interspecific hybridization involving different genera or subfamilies has been 55 

detected in cyprinid fish [4,5], salmonid fish [6], and cichlid fish [7]. Among these fishes, Cyprinus 56 

carpio (common carp) and Carassius auratus red var. (goldfish) shared a common whole genome 57 

duplication (WGD) event [13.75 million years ago (Mya)] as different genera of the subfamily 58 

Cyprinidae and then diverged at 10.0 Mya [8]. The specific WGD results in bigger genome sizes and 59 

more chromosome numbers (2n: 100) in them than in most carp [9]. Recent studies show that the 60 

high genome plasticity and diverse allelic expression shape distinct morphological characters (e.g., 61 

body size and color) in some varieties of them, including goldfish and koi carp [10,11]. Meanwhile, 62 

these characteristics contribute to their adaptability in the diverse environment of slow-moving rivers, 63 

lakes, and ponds [10–13]. Interesting, a nascent allopolyploid lineage (4nR2C2, F3–F28) was 64 

successfully established by the hybridization of female goldfish and male common carp and 65 

subsequent WGD [5,14]. Gene conversion, accompanied by allopolyploidization and 66 

multigenerational inheritance, resulted in the emergence of diverse growth phenotypes in the 67 

allopolyploid progenies [15,16].  68 

Body growth, a classic quantitative trait that includes height in humans and weight in domestic 69 

animals [17,18], exhibits significant diversity in fishes. Although genetic variations in individual 70 

growth-regulated genes may impact the growth phenotype [18,19], the rapid genomic variation 71 

induced by hybridization and/or polyploidization is considered the most common and swift way of 72 

changing this phenotype in nature. Describing a phenomenon known as “heterosis”, if hybrid 73 

offspring exhibit faster growth rates and surpass the size of their parents, this trait is utilized to 74 

enhance agricultural production [20–23]. Researchers have extensively explored the genetic basis of 75 

heterosis, proposing three classic quantitative genetic hypotheses: dominance, overdominance, and 76 

epistasis. Moreover, some studies suggest that the emergence of heterosis may be linked to various 77 

molecular regulatory mechanisms, including genomic recombination [24], novel epigenetic 78 

modifications [25], and alterations in gene expression due to trans-regulatory factors from distinct 79 

species [26]. Additionally, research has indicated that the differential expression of alleles from 80 

different species is influenced by sequence differences in their regulatory regions [27]. In the case of 81 

orthologous genes from different genera, the greater sequence differences in their regulatory regions, 82 
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as compared to intraspecific and interspecific hybridization, will influence the reshaping of 83 

allele-specific expression (ASE) and its impact on the growth phenotype in their hybrid offspring. 84 

This aspect promises to be intriguing work.  85 

To explore the impact of copy number variation (CNV) and mitochondrial regulation on ASE and 86 

growth traits, we collected 160 individuals representing six hybrid varieties derived from the 87 

intergeneric hybrid lineages of goldfish (2nRR) and common carp (2nCC). The integrated analyses 88 

of genomic, DNA methylation, and gene expression data provide a crucial foundation for our 89 

research. Our study will expand our understanding of gene interactions and their impact on 90 

phenotypes in animals. 91 

 92 

Results 93 

Determination of genotypes and growth phenotypes among hybrid varieties 94 

Six hybrid varieties, comprising subgenomes R (originating from goldfish) and C (originating from 95 

common carp), were collected from individuals aged 8 months and 24 months after hatching, 96 

respectively (Figure 1A, Figure S1). To determine the ploidy levels of all hybrid individuals, flow 97 

cytometry was employed, using diploid goldfish (2n = 100) as the control group. To identify the 98 

source of mitochondrial genomes in reciprocal F1 hybrids and allotriploid individuals with the same 99 

ploidy level, a fragment of the cytochrome b (cytb) gene in these hybrid individuals was obtained 100 

using Sanger sequencing. Subsequently, we compared the obtained sequences with those of goldfish 101 

and common carp to determine the origin of their mitochondrial genomes. Moreover, both 102 

whole-genome sequencing (WGS) and RNA sequencing (RNA-seq) data analyses were conducted to 103 

validate the genotypes of the six hybrid varieties. Based on the genomic data, the average depth of 104 

mapped reads of subgenomes R vs. C was approximately 1:1 in 2nCR, 1:2 in 3nRC2 and 3nC2R, and 105 

2:1 in 3nCR2 and 3nR2C (Tables S1–S3). Interestingly, we found that fish with identical subgenome 106 

ratios showed consistent distributions in the expression values of alleles R vs. C, as observed in the 107 

RNA-seq data (Figure 1B). Three clusters of gene expression profiles (cluster 1: 2nRC and 2nCR, 108 

cluster 2: 3nR2C and 3nCR2, cluster 3: 3nC2R and 3nRC2) remained stable across individuals (10–42 109 

individuals in each variety) (Figure 1B). Similarly, analysis of the RNA-seq data clearly identified 110 

mitochondrial types (originating from goldfish or common carp) based on the different number of 111 

reads mapped to their two mitochondrial genomes, respectively (Tables S4 and S5). The above 112 

results can assist us in the initial identification of the genotype among the hybrid varieties and 113 

provide insights into their breeding strategies (Figure 1A). 114 

Analyses of body length (BL), body height (BH), height of back muscle (HBM), and body 115 
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weight (BW) at 24 months after hatching showed that the growth rate was significantly higher in 116 

2nCR compared to 2nRC (t-test; P = 2.08 × 10−24; two-tailed; t = 2.02; df = 42) (Figure 1C). 117 

Meanwhile, the allotriploid 3nC2R and 3nRC2 (subgenomes R vs. C = 1:2) displayed faster growth 118 

rates compared to 3nCR2 and 3nR2C (subgenomes R vs. C = 2:1) (t-test; P = 4.13 × 10−12; two-tailed; 119 

t = 1.98; df = 56) (Figure 1C). However, no significant difference in growth rate was observed 120 

between two fish with the same genotype (3nCR2 and 3nR2C). Furthermore, a higher growth rate 121 

was detected in 3nRC2 (mitochondrial genomes originating from common carp) than in 3nC2R 122 

(mitochondrial genomes originating from goldfish) (t-test; P = 0.0001; two-tailed; t = 2.01; df = 46) 123 

(Figure 1C), while there is the same nuclear genome in them (Figure 1A). These findings indicate 124 

that more sets of subgenome C and mitochondrial genomes originating from 2nCC contribute to the 125 

large body size or rapid growth rate among these hybrid varieties. 126 

 127 

High CNVs in subgenome R 128 

Previous studies demonstrated that gene conversion occurred in the assembled genome of 129 

allotetraploid fish [15]. The diverse CNVs between somatic and germ cells were found in the 130 

interspecific F1 and allotetraploid populations, revealing various mitotic and meiotic CNVs 131 

associated with gene conversion [5,15]. To investigate the presence of different CNVs in allotriploid 132 

progenies, obtained from the backcrossing of allotetraploid to diploid goldfish or common carp, we 133 

conducted WGS on seven individuals of the F1 hybrid and 22 individuals of triploids (8 months after 134 

hatching) (Tables S1 and S2). CNV detection for 1545–3017 genes in the 2nRC and triploid varieties 135 

revealed a higher CNV ratio in subgenome R (49.25%–83.33%) than in subgenome C (16.67%–136 

50.75%) (t-test; P = 4.02 × 10−21; two-tailed; t = 2.00; df = 56), indicating a leading role of 137 

subgenome R in the genome plasticity of hybrid varieties (Figure 2A; Table S6). Focusing on 46,424 138 

species-specific genes (SSGs) (24,283 in 2nCC and 22,141 in 2nRR) and 18,020 allelic gene pairs 139 

(AGPs), the majority of genes with CNVs (71.55%–85.55%) belonged to SSGs and exhibited a 140 

higher ratio of genome variation in SSGs than in AGPs (t-test; P = 1.80 × 10−53; two-tailed; t = 2.00; 141 

df = 56) (Tables S6 and S7). 142 

We investigated the distribution of CNVs in allelic genes. We observed a higher frequency of 143 

copy number increase events in allele R (52.65%–74.43%) than in allele C (25.57%–47.35%) (t-test; 144 

P = 1.04 × 10−43; two-tailed; t = 2.05; df = 28) (Table S7). In some individuals, CNV events occurred 145 

on long chromosomal segments involving contiguous genes or entire chromosomes (Figure S2). For 146 

example, CNV events occurred on the entire chromosome 40 (chr40) in the 3nR2C-4 individual. In 147 

the 3nRC2-2 individual, CNV events occurred on the parts of chr19 (92 genes) and chr36 (63 genes), 148 

as well as the entire chr25 and chr31. These CNV events resulted in a 1:1 ratio of gene copy numbers 149 
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from the inbred parents in these allotriploid individuals (Figure 2B, Figure S2). 150 

Furthermore, WGS data revealed allele loss caused by CNVs. Among the 22 allotriploid 151 

individuals, the number of allele loss events ranged from 2 to 223, while none were observed in the 152 

F1 hybrids (Table S7). For instance, the loss of allele C in contiguous genes on chr19 was observed in 153 

two individuals of 3nR2C and one individual of 3nCR2 (Figure 2B, Figure S2). We speculated that 154 

the shared allele loss observed in different triploid progenies may be derived from the gametes of the 155 

same paternal 4nR2C2 individual through interploid hybridization. Interestingly, the loss of allele C 156 

was detected in the 92 contiguous genes of 3nCR2-4, which also exhibited the highest growth rate 157 

among the 3nCR2 population. Gene Ontology (GO) analysis of these 92 genes identified rfx3 and 158 

gpat4 as being annotated to epithelial cell maturation (GO: 0002071, P value = 0.001). We speculate 159 

that the loss of allele C in these two genes may contribute to the high growth rate observed in the 160 

allotriploid. 161 

 162 

CNVs altering ASE  163 

To investigate the impact of CNVs on allelic expression, we conducted integrated genomic and 164 

expression analyses using muscle tissue samples from 7 individuals of the F1 hybrid and 22 165 

individuals of the allotriploids (Table S2). Specifically, we focused on the loss of allele C in 3nR2C 166 

and 3nCR2, comparing the gene expression values between no-CNV (no allelic loss) and those with 167 

CNV (allelic loss) within the corresponding population. In the 3nRC2-2 individual, where CNVs led 168 

to a 1:1 allelic copy number ratio (Figure 2B), genes within the CNV region also displayed a 1:1 169 

allelic expression ratio (Figure 2C). Conversely, genes outside the CNV regions exhibited a 1:2 170 

allelic expression ratio (Figure 2C). Then, differential expression analysis was performed between 171 

CNV and no-CNV individuals in the 3nRC2 population, and significant differences were detected in 172 

chr19, chr25, chr31, and chr36 (Figure 2D). These findings suggest that copy number changes in the 173 

hybrids could affect gene expression, highlighting the effects of CNVs on allelic expression. 174 

 175 

Mitochondrial regulation shaping ASE and species-specific expression 176 

Distinct mitochondrial genomes and the same nuclear genome were in two groups (diploid group 1: 177 

2nRC and 2nCR, triploid group 2: 3nRC2 and 3nC2R). This provided valuable insights into 178 

mitochondrial genetics and its role in regulating growth diversity through gene expression (Tables S1, 179 

S2, and S8). Comparative analyses revealed that 6516 genes (7.9%) of the total 82,464 genes (alleles 180 

R and C considered independent genes) differed in expression between the reciprocal F1 hybrids (13 181 

individuals in 2nRC and 2nCR), while only 126 genes (0.15%) showed differential expression 182 

between 3nRC2 and 3nC2R (10 individuals). The lower number of differentially expressed genes 183 
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(DEGs) in triploids compared to diploids may be caused by the high frequency of CNVs disrupting 184 

ASE regulated by mitochondrial genetics (Figure 3A). 185 

In the diploid group, the analysis of differential gene expression revealed that in subgenome R, 186 

AGPs (1834) had more DEGs compared to SSGs (1440), whereas in subgenome C, SSGs (1734) had 187 

more DEGs than AGPs (1508) (Pearson’s chi-squared test; P = 2.04×10−14; χ2 = 58.497; df = 1) 188 

(Table S9). This suggests that orthologous genes from goldfish and SSGs from common carp are 189 

more susceptible to regulation by maternal effects, resulting in differential expression between 190 

reciprocal F1 hybrids. Furthermore, we detected that highly expressed genes in 2nRC were 191 

predominantly in allele R (1881) rather than in allele C (1545), while the opposite trend was 192 

observed in 2nCR, where highly expressed genes were more in allele C (1697) than in allele R (1393) 193 

(Figure 3A). This finding suggests that mitochondria in hybrids may preferentially upregulate the 194 

expression of nuclear genes from the same species. Interestingly, we noticed that allele R in ptf1a 195 

was silenced in 2nCR, whereas its expression was detected in 2nRC, indicating that the 196 

mitochondrial genes originating from 2nCC inhibited the expression of allele R (Figure 3A). The 197 

significant diversity in allelic gene expression between 2nRC and 2nCR, resulting from the silencing 198 

of allele R in ptf1a, may be linked to their distinct growth rates [28].  199 

To further investigate the magnitude of independence and interaction between alleles R and C, 200 

we established nine expression patterns for alleles R and C (Figure 3B). Out of these, 2754 genes 201 

(15.28%) in the diploid group (2nRC and 2nCR) and 52 genes (0.28%) in the triploid group 202 

exhibited expression changes regulated by distinct mitochondrial genetics. In the diploid group, we 203 

found that the expression of either allele R or C was altered in specific patterns (II, IV, VI, and VIII) 204 

across 2167 genes (12.02%). These patterns indicate the existence of independent regulatory 205 

networks connecting mitochondrial genes to the expression of alleles R or C (Figure 3B; Figure S3). 206 

Additionally, a shared regulatory network in mitochondrial genetics regulating both alleles R and C 207 

(patterns III and IX) was observed in 572 genes (3.17%) (Figure 3B, Figure S3). Interestingly, we 208 

observed an opposite trend between the expression of alleles R and C in 15 genes (0.08%, patterns I 209 

and VII), which was likely related to an antagonistic relationship between the regulatory networks of 210 

the distinct alleles. These results showed the diversified regulatory networks in mitochondrial 211 

genetics that regulate allelic gene expression. 212 

 213 

Gene coexpression analyses revealing genetic networks underlying growth rate diversity 214 

The above results demonstrated that the diversified ASE and species-specific expression were in the 215 

six hybrid varieties. We then used a weighted gene correlation network analysis to detect gene 216 

coexpression networks and genetic modules in the 131 individuals (24 months after hatching). 217 
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Twelve modules were identified based on the correlation of the expression profiles of the 65,495 218 

expressed genes (31,974 genes in subgenome R, 33,521 genes in subgenome C) (Figure S4A). 219 

Among these modules, Module Eigengene 1 (ME01) exhibited the highest correlation with 220 

growth-related phenotypic values, including BW and BL, while a significant correlation was detected 221 

between gene significance and module membership (r = 0.81, P = 1 × 10−20) (Figure S4B). After 222 

gene filtering, we identified 3693 genes within ME01 as candidate growth-regulated genes. Within 223 

this module, the coexpression network reveals that the 3672 genes in subgenome R and the 21 genes 224 

in subgenome C showed significant correlations between gene expression and BW (Figure 4A). 225 

These results indicate that CNVs in subgenome R, along with changes in gene expression within 226 

subgenome R, are primarily responsible for regulating growth diversity in these hybrid varieties. 227 

To further identify the relationship between the expression of the 3693 growth-regulated genes 228 

and BW, we analyzed gene expression diversity and BW diversity across individuals. The highest 229 

diversities of gene expression and BW were observed in 3nR2C, while the lowest diversities were 230 

observed in 3nC2R (Figure 4B). Importantly, both 3nR2C and 3nCR2 (with two sets of subgenome R) 231 

exhibited higher diversities in gene expression and BW compared to 3nRC2 and 3nC2R (with one set 232 

of subgenome R). These findings, coupled with the enrichment of CNVs in subgenome R, indicate 233 

that the high CNV ratio in subgenome R contributes to the increased diversity of allele R expression, 234 

which subsequently leads to the diversification of growth phenotypes in the hybrid population 235 

(Figure 2, Table S6). In the diploid group, higher gene expression diversity was detected in 2nRC 236 

than in 2nCR (Figure 4B), suggesting that the maternal effects related to goldfish-originated 237 

regulation may be more beneficial to the CNV of allele R and result in gene expression diversity 238 

across individuals. 239 

Among the 3693 growth-regulated genes, we found that the expression of 3672 genes in 240 

subgenome R and one gene (slc2a12) in subgenome C exhibited negative correlations with BW, 241 

while the other 20 genes in subgenome C showed positive correlations (Figure 4A). Additionally, the 242 

expression of these 20 genes was found to be higher in the 2nCR, 3nRC2, and 3nC2R populations 243 

compared to the 2nRC, 3nR2C, and 3nCR2 populations (Figure 4C). We compared gene expression 244 

data from 24-month-old individuals (n = 132) with data from 8-month-old individuals (n = 29). 245 

Genes exhibiting strong positive correlations [Pearson correlation coefficient (PCC) > 0.5] between 246 

BW and gene expression in the larger dataset also showed strong positive correlations in the smaller 247 

dataset, with the exception of the prvb gene (PCC = 0.37, P value = 0.05) (Figure S5). Interestingly, 248 

the expression of slc2a12 in subgenome C exhibited a positive correlation with BW at low water 249 

temperature (about 8℃, 8 months after hatching) (PCC = 0.67, P value = 0.003) (Figure S5), while a 250 
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negative correlation was detected at high water temperature (about 20℃, 24 months after hatching) 251 

(Figure 4A and C). The opposite correlations were likely related to the different strategies for rapid 252 

growth rate of these hybrid individuals in alternation with the seasons, in which the up-regulated 253 

expression of slc2a12 in subgenome C could decrease the amount of exercise and energy 254 

consumption at low temperatures (winter), while the down-regulated expression could increase the 255 

amount of exercise for obtaining food at high temperatures (spring) [29]. 256 

 257 

Variations in gene regulatory networks and their effects on growth rate 258 

The decreased expression of genes in subgenome R and the increased expression of genes in 259 

subgenome C both contributed to the rapid growth rate, prompting the question of how variations in 260 

gene regulatory networks regulated allelic expression and growth diversity. Among the 3693 261 

growth-regulated genes, 2094 were orthologous genes, while 1587 were SSGs in subgenome R and 262 

12 were SSGs in subgenome C (Figure S6). The PCC values of the 3693 growth-regulated genes 263 

were higher in the 2094 AGPs than in non-AGPs (ANOVA F-test = 0.85, df = 2081, P = 0.000123) 264 

(Figure 5A). This finding suggests that shared trans-regulatory factors between alleles R and C 265 

homogenize the expression levels of the two orthologous genes originating from goldfish and 266 

common carp, leading to increased synchrony in the allelic expression in hybrids. In the analysis of 267 

PCC between 2094 AGPs, 832 (39.73%) displayed a positive correlation (PCC > 0.3), with 304 268 

(14.52%) exhibiting a strong positive correlation (PCC > 0.5). In contrast, only 12 AGPs (0.57%) 269 

displayed a negative correlation (PCC < −0.3), and no AGPs exhibited a strongly negative 270 

correlation (PCC < −0.5). These results reflect a synchrony of allelic expression in 40.30% of genes 271 

and independence in 59.70% of genes. Furthermore, we analyzed nine AGPs where the expression of 272 

allele C exhibited a strong positive correlation (PCC > 0.5) with BW (Figure 5B). Among these nine 273 

AGPs, six also showed a strong positive correlation (PCC > 0.5) between the expression values of 274 

alleles R and C (Figure 5B). Interestingly, higher PCC values of two alleles and lower BWs were 275 

observed in 2nRC than in 2nCR, and the same phenomenon was detected in 3nR2C and 3nCR2 than 276 

in 3nRC2 and 3nC2R (Figure 5C). Among hybrids with the same ploidy level, more diversified gene 277 

regulatory networks between alleles of growth-regulating genes may be associated with faster growth. 278 

This result sheds light on why heterosis often appears in hybrid F1 generations, and with successive 279 

generations of hybrid offspring, the heterosis diminishes or decreases [20–24]. This phenomenon 280 

might be attributed to the presence of complete trans-regulatory factors from different species only 281 

in hybrid F1, leading to the maximization of differences in the gene regulatory network between 282 

allelic genes. 283 
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The PCC values between alleles could also allow us to assess the variation of gene regulatory 284 

networks among the six hybrid varieties. The highest difference was observed between 3nR2C and 285 

3nRC2 (t-test; P = 6.9 × 10−152; two-tailed; t = 1.96; df = 2084) (Figure 5D), which had distinct 286 

mitochondrial genomes and different subgenome ratios of R vs. C (Figure 1A). We further 287 

investigate the differences in gene regulatory networks influenced by mitochondrial genetics in the 288 

two reciprocal F1 hybrids (t-test; P = 2.66 × 10−6; two-tailed; t = 1.96; df = 2084) (Figure 5D). 289 

Reversed PCC values were observed in 310 growth-regulated AGPs (Table S10). Further analysis of 290 

the strong positive correlation (PCC > 0.5) between the expression of two alleles revealed that only 291 

194 AGPs (10.35% of 1874 AGPs) were shared among the six hybrid varieties, while 438 common 292 

AGPs were observed between the two F1 hybrids and 362 common AGPs were identified among the 293 

four triploid varieties (Figure 5E, Figure S7). Further, 2nCR and 3nRC2 exhibited similar PCC in 294 

allelic gene expression (t-test: P = 0.80; two-tailed; t = 1.96; df = 2084), raising the question of why 295 

these hybrids with different ploidy levels exhibited similar gene regulatory networks. Recent studies 296 

revealed that DNA methylation inhibits the transcription of genes in the additional subgenome C of 297 

3nRC2 (Figure 6A) [30], which may account for the similar gene regulatory networks between 2nCR 298 

and 3nRC2. The above results revealed a high divergence of gene regulatory networks between 299 

alleles in these hybrid varieties. 300 

 301 

Allele-specific DNA methylation regulating growth rate diversity 302 

Through analyses of DNA methylation in the 3693 growth-regulated genes, we tried to investigate 303 

whether and how DNA methylation affects growth rates through regulating ASE. So we analyzed 304 

whole-genome bisulfite sequencing data (the muscles of 2nRR, 2nCC, 3nR2C, and 3nRC2) and 305 

growth phenotype data (a significant difference in BW between 3nR2C and 3nRC2) to investigate the 306 

contribution of DNA methylation to subgenomes R and C [30]. After mapping clean reads to the 307 

combined genome of 2nRR and 2nCC, the uniquely mapped reads were used to assess the 308 

methylation levels in CpG islands. Comparative analysis revealed that the DNA methylation level in 309 

each subgenome was higher in the two triploids (3nR2C and 3nRC2) than in their inbred parents 310 

(2nRR and 2nCC) (Figure 6A), indicating that high DNA methylation suppressed gene expression in 311 

triploids. 312 

We focused on 2094 genes that are involved in growth regulation, and we compared the DNA 313 

methylation levels of the alleles R and C in 3nR2C and 3nRC2. We found that allele R showed lower 314 

DNA methylation in 3nR2C than in 3nRC2, while its expression was higher in 3nR2C (Figure 6B and 315 

C). On the other hand, allele C showed higher DNA methylation in 3nR2C and lower expression 316 

compared to 3nRC2 (Figure 6B and C). Comparing 3nR2C and 3nRC2, we identified 84 differentially 317 
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methylated genes (DMGs) (4.06%) from AGPs and 57 DMGs (3.56%) from SSGs (Table S11). The 318 

majority of DMGs (AGP: 73 of 84, SSG: 46 of 57) had reduced DNA methylation in 3nR2C (Table 319 

S11), indicating that the lower DNA methylation in subgenome R contributed to the higher 320 

expression levels of allele R in 3nR2C compared to 3nRC2. Indeed, histological examination of 321 

skeletal muscle tissues using hematoxylin and eosins (H&E) staining uncovered that the 322 

cross-sectional area of myofibers was bigger in 2nCC than in 2nRR, which was likely related to the 323 

difference in skeletal muscle development between the two species (t-test; P = 3.18 × 10−16; 324 

two-tailed; t = 2.00; df = 56) (Figure 6D). We detected a larger cross-sectional area of myofibers in 325 

3nC2R than in 3nR2C, suggesting that the high expression of allele C benefited the growth of 326 

myofibers (t-test; P = 1.40 × 10−5; two-tailed; t = 2.00; df = 56) (Figure 6D). In conclusion, our 327 

findings indicate that the regulation of DNA methylation may contribute to the differential activity of 328 

ASE and growth rates between 3nC2R and 3nR2C, possibly explaining the variations in their growth 329 

rates. 330 

 331 

Discussion 332 

Using different hybrid strategies that produce the controlled genotypes of hybrids, we characterized 333 

the mitochondrial and nuclear genetic variants associated with variations in gene expression and 334 

growth diversity. We detected the CNVs of subgenomes R and C across hybrid individuals, including 335 

allele loss in triploids, and found their effects on allele-specific and species-specific expressions. 336 

Applying a weighted gene correlation network analysis, we identified 3693 genes as candidate 337 

growth-regulated genes, in which the expression of 2094 AGPs and 1599 SSGs exhibited a 338 

significant correlation with growth diversity. Using correlation analyses between the expression of 339 

distinct alleles R and C, we detected the different degrees of independence and interactions in the 340 

allelic regulatory networks, which reflected variations of gene regulatory networks among different 341 

hybrid varieties. Importantly, we found that the diversified gene regulatory networks of distinct 342 

alleles R and C in growth-regulated genes may contribute to the rapid growth rate. This result 343 

suggests that maintaining and increasing differentiation in allelic expression will result in the 344 

emergence of heterosis and be beneficial for aquaculture and animal breeding. In addition, we 345 

revealed that DNA methylation shaped allelic expression variations in subgenomes R and C.  346 

Following their divergence 10 Mya, high genome plasticity in goldfish and common carp 347 

facilitated diverse growth phenotypes during domestication [8,31,32]. Now, we detected diverse 348 

CNVs in the nascent allotetraploid population (4nR2C2, F3–F28) [15,33], which were derived from the 349 

hybridization of goldfish and common carp [5,14], and provided abundant genetic diversities in their 350 
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allotriploid progenies through different interploid crossings with their inbred parents [16]. 351 

Meanwhile, the random emergence of repair DNA damage during mitosis also resulted in CNVs, 352 

including allele loss in triploid individuals. Joint analyses of the CNV region, growth rate, and 353 

functional annotation data could provide an effective way to identify causal genes associated with the 354 

growth variation in inter- and intra-hybrid populations. For example, we showed that the loss of 355 

allele C in rfx3 and gpat4 might have contributed to the high growth rate. The majority of CNVs in 356 

the hybrid varieties were distributed in subgenome R, where dynamic transposition of transposable 357 

elements could result in CNVs and allelic expression variation and increase growth diversity [15]. 358 

Diverse subgenome ratios, mitochondrial genetics, and CNVs provide abundant genetic materials 359 

for investigating the relative contribution of gene regulatory networks to the variations in 360 

allele-specific and species-specific expressions. When exposed to the common trans-acting 361 

regulatory factors, the distinct cis-regulatory elements in allelic genes may cause a target gene to 362 

interact or bind differentially with the transcriptional factors, thus resulting in differential expression 363 

between alleles [34,35]. We showed that the dominance of trans-acting regulatory effects decreased 364 

the expression diversity of alleles in most genes, while cis-regulatory regulatory effects increased it 365 

in a few genes [36,37]. Different trans-acting influences involving mitochondrial regulation in the 366 

reciprocal F1 hybrids reflect differential expression of SSGs primarily in subgenome C, which play 367 

key roles in growth diversity. Additionally, the distinct subgenome ratios in allotriploids also shape 368 

allelic CNVs and alter the dosage of the trans-acting factors between alleles, although the diverse 369 

effects of DNA methylation occur in different subgenomes [26,38]. Our findings indicate that 370 

dynamic changes in variations of gene regulatory networks increase the magnitude of independence 371 

and interactions in allelic regulatory networks, resulting in a great increase in allelic expression 372 

variation and growth diversity in these intergeneric hybrid varieties.  373 

A previous study indicated that the expression dominance in allele R was beneficial to high BH 374 

in allotriploids, while the expression dominance in allele C was beneficial to high BL [30]. We 375 

showed that the decreased expression of genes in subgenome R and the increased expression of 376 

genes in subgenome C contributed to the rapid growth rate. These findings suggest that the 377 

appropriate combination of ASE may contribute to the heterosis in quantitative traits. Interestingly, 378 

slc2a12 belongs to a family of transporters that catalyze the uptake of sugars through facilitated 379 

diffusion [39]. The increased expression of slc2a12 in winter could decrease the amount of exercise 380 

and energy consumption in low temperatures, while the decreased expression of slc2a12 in spring 381 

could increase the amount of exercise needed to obtain food [29]. These different strategies in 382 

alternation with the seasons will increase the growth rates of these hybrid individuals. Our result 383 

provided new viewpoints: the great diversity in cis-regulatory sequences between distinct alleles 384 
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could decrease the synergy of ASE and increase the magnitude of heterosis in the growth rate. In 385 

summary, our findings shed light on how the regulatory network underlying distinct subgenomes 386 

regulates growth plasticity. 387 

 388 

Conclusion 389 

The allotriploid obtained through interploidy hybridization between allotetraploid and diploid has the 390 

advantages of ecological friendliness (sterility) and a fast growth rate, which have made 391 

contributions to fish breeding for more than 20 years in China. It has been a huge challenge for us to 392 

figure out how to improve the allotriploid fish even more. Our results revealed that variations in 393 

CNVs and gene regulatory networks between alleles could shape the growth diversity in the hybrid 394 

populations. Consequently, selecting individuals with low-copy growth-regulated genes from allele R 395 

(originating from goldfish) and high-copy growth-regulating genes from allele C (originating from 396 

common carp) will contribute to the breeding of allotriploid populations exhibiting a rapid growth 397 

phenotype. These studies will help us develop a novel hybrid breeding strategy through the genotype 398 

selection of parental allotetraploids.  399 

 400 

Materials and methods 401 

Collection and determination of samples 402 

The fish used in this study included an F1 diploid hybrid (2nRC) obtained from hybridization 403 

between C. auratus red var. (goldfish, 2nRR, ♀) and C. carpio (common carp, 2nCC, ♂), an F1 404 

diploid hybrid (2nCR) obtained from hybridization between 2nCC (♀) and 2nRR (♂), an allotriploid 405 

(3nR2C) obtained from interploid crossing of 2nRR (♀) with a allotetraploid of 2nRR × 2nCC 406 

(4nR2C2, ♂), a allotriploid (3nRC2) obtained from interploid crossing of 2nCC (♀) with 4nR2C2 (♂), 407 

a allotriploid (3nCR2) obtained from interploid crossing of an allotetraploid of 4nR2C2 (♀) with 408 

2nRR (♂), a allotriploid (3nC2R) obtained from interploid crossing of 4nR2C2 (♀) with 2nCC (♂). 409 

These hybrid varieties, including two reciprocal F1 hybrids (2nRC and 2nCR) and four triploids 410 

(3nR2C, 3nRC2, 3nCR2, and 3nC2R), were fed in separate pools under identical environmental 411 

conditions. These conditions included suitable water temperatures, oxygen levels, food supply, 412 

breeding density, etc. These pools were located in the drainage area of Dongting Lake, Hunan, China 413 

(29°11'51" N, 112°35'50" E). Some growth traits, including BL, BH, HBM, and BW, were detected 414 

in multiple growth stages. Twenty-nine healthy individuals (eight months after hatching, 7 in 2nRC, 415 
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4 in 3nR2C, 7 in 3nRC2, 8 in 3nCR2, and 3 in 3nC2R) and 131 healthy individuals (24 months after 416 

hatching) were collected for this study, respectively. These hybrid varieties were deeply anesthetized 417 

with 300 mg/l tricaine methanesulfonate (MS-222, Sigma-Aldrich, St. Louis, MO) for 10 min (25°C) 418 

in a separation tank. After confirming the death, all samples were collected for dissection. The DNA 419 

content of erythrocytes from 2nRR, 2nCC, and the hybrids was measured using flow cytometry (Cell 420 

Counter Analyzer, Partec GmbH, Otto-Hahn-Strasse 32, D-48161 Munster, Germany) for identifying 421 

chromosome number [40]. 422 

 423 

DNA isolation and genomic sequencing 424 

High-quality genomic DNA of 2nRR, 2nCC, and the hybrids was isolated from the muscle tissue 425 

using DNeasy Blood & Tissue Kits (QIAGEN, no. 69504, Hilden, Germany). The quality of DNA 426 

was checked by a NanoDrop® ND-1000 Spectrophotometer (Thermo Fisher Scientific, Inc., 427 

Wilmington, DE) with 260/280 and 260/230 ratios. The type of mitochondrial genome in the hybrids 428 

was identified based on a fragment of cytb. Then, the high-quality DNA was used to construct a 429 

paired-end library (150 bp × 2) and sequenced by Illumina HiSeq X Ten Sequencing System 430 

(Illumina, San Diego, CA) according to standard protocol. The detail was as follows: a mixture 431 

containing equal amounts of 2nRR and 2nCC DNA, the muscle of 29 hybrid individuals. After 432 

obtaining the raw data, the sequencing adaptors were removed. fastp (v. 0.21.0) was used to remove 433 

duplicate read pairs and low-quality reads based on the default parameters [41]. 434 

 435 

Detection of CNV 436 

High-quality reads in the hybrid were mapped to the combined nuclear and mitochondrial genomes 437 

of goldfish [8] [nuclear DNA (nDNA): PRJCA001234 of National Genomics Data Center (NGDC) 438 

database, mitochondrial DNA (mtDNA): AY714387.1] and common carp [32] [nDNA of Yellow 439 

River carp: PRJNA510861 of National Center of Biotechnology Information (NCBI) database, 440 

mtDNA: AP009047.1] using BWA with the default parameters. Coordinate-sorted BAM output files 441 

of WGS were obtained to calculate the number of mapped reads in the coding region of each gene 442 

using htseq-count (v. 0.12.4) with thresholds of “-m union --nonunique = none”. The gene per 443 

million (GPM) is a value to measure how many reads are mapped to each gene in genomic data. It 444 

helps us understand the relative abundance of gene copies in a sample by considering the length of 445 

the gene and the total number of reads. The formula for calculating GPM is as follows: 446 

GPM = A ×
1

∑ A
× 106, where A = 

total reads mapped to gene ×106

gene length (bp)
 447 

For in silico F1, we sequenced an equal mixture of 2nRR and 2nCC DNA using the same 448 
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sequencing platform as other genomic data. By comparing the hybrid varieties with the in silico F1, 449 

we were able to detect CNVs in all the hybrid varieties. To identify CNVs, we set thresholds based 450 

on the genotype. We used the logarithm base 2 of the ratio (GPMhybrid/GPMmixed) and compared it to 451 

log2(
B×2

C
) and log2(

B×0.5

C
). If the logarithm base 2 of (GPMhybrid/GPMmixed) was greater than log2(

B×2

C
) 452 

or less than log2(
B×0.5

C
), it was considered a CNV. In this formula, “B” represents the allelic ratio (R 453 

or C) in hybrids, and “C” represents the allelic ratio (R or C) in in silico F1. for 2nRC, “B” is 
1

2
; for 454 

allele R of 3nRC2 and 3nC2R, and allele C of 3nR2C and 3nCR2, “B” is 
1

3
; for allele C of 3nRC2 and 455 

3nC2R, and allele R of 3nR2C and 3nCR2, “B” is 
2

3
. 456 

AGPs between the subgenomes R (originating from 2nRR) and C (originating from 2nCC) in the 457 

hybrid varieties, including the F1 hybrids (2nRC and 2nCR) and four triploids (3nR2C, 3nRC2, 458 

3nCR2, and 3nC2R), were obtained using the all-against-all reciprocal BLASTP (v. 2.8.1) with an 459 

e-value of 1E−6 based on protein sequences. Then, transcripts that lacked gene annotation and were 460 

shorter than 300 bp were discarded from AGPs. GPM values in each AGP could be used to assess 461 

allelic CNVs between the subgenomes R and C in the hybrid varieties. The values of log10((RGPM in 462 

hybrid/CGPM in hybrid) − (RGPM in mixed/CGPM in mixed)) could be used to assess the allelic CNVs. The detail 463 

thresholds for them were set up based on the genotype as follows: (1) log10(2) and log10(0.5) in F1 464 

hybrid (2nRC and 2nCR); (2) log10(4) and log10(1) in 3nR2C and 3nCR2;( 3) log10(1) and log10(0.25) 465 

in 3nC2R and 3nRC2. 466 

 467 

RNA isolation and RNA-seq 468 

To obtain gene expression profiling of the two reciprocal F1 hybrids and allotriploids, total RNA of 469 

the muscle tissue was isolated and purified according to a TRIzol extraction method [42]. The RNA 470 

concentration was measured using NanoDrop technology (NanoDrop ND-1000 UV/Vis 471 

spectrophotometer, NanoDrop Technologies Inc., Wilmington, DE, US). Total RNA samples were 472 

treated with DNase I (Cat. No. 18068-015; Invitrogen, Thermo Fisher Scientific, Inc., Philadelphia, 473 

PA, USA) to remove any contaminating genomic DNA. The purified RNA was quantified using a 474 

2100 Bioanalyzer system (Agilent, Santa Clara, CA, USA cat #5067-5576). Isolated messenger RNA 475 

(mRNA) was fragmented with a fragmentation buffer. The resulting short fragments were reversely 476 

transcribed and amplified to produce complementary DNA (cDNA). Illumina RNA-seq libraries of 477 

the 29 samples were prepared according to the standard high-throughput method. The quality of the 478 

cDNA library was assessed by the 2100 Bioanalyzer system (Agilent, Santa Clara, CA, USA cat 479 

#5067-5576). The library was sequenced with a paired-end (2 × 150 bp) setting using the Illumina 480 
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HiSeq X Ten Sequencing System (Illumina, San Diego, CA). The transcriptome data of muscle tissue 481 

in 131 hybrid individuals was obtained using DNA nanoball technology using DNBSEQ-T7 (MGI, 482 

Shenzhen, China) according to the standard method [43]. Then, low-quality bases and adapters were 483 

trimmed out using fastp (v. 0.21.0). The high-quality reads were used in the next analyses. 484 

 485 

Detection of gene expression based on RNA-seq 486 

All RNA-seq reads of 2nRR, 2nCC, and the hybrids were mapped to the combined nuclear and 487 

mitochondrial genomes of C. auratus red var. [8] and C. carpio [32] using HISAT2 [44] (v. 2.1.0) 488 

with default parameters. Then, the mapped files were handled with SAMtools (v. 1.10) [45], while 489 

the unique mapped reads were obtained using htseq-count (v. 0.12.4) [46]. The expression value was 490 

normalized based on the ratio of the number of mapped reads for each gene to the total number of 491 

mapped reads for the entire genome. The transcripts per million (TPM) values were calculated based 492 

on the normalized data. These reads in the F1 hybrid and four triploids were used to calculate the 493 

expression values of the genes in subgenomes R and C [47]. The genes with mapped reads in each 494 

sample < 10 and TPM values < 1 were not used in our next analyses. Differential expression analysis 495 

was performed using DESeq2 of the R package with the below thresholds: fold change > 3, P value 496 

< 0.001, and P adjusted < 0.001. Differential expression analysis was performed in 13 individuals of 497 

the diploid group (2nRC and 2nCR) and in 10 individuals of the allotriploid group (3nRC2 and 498 

3nC2R). 499 

Both WGS and RNA-seq were performed in the 29 individuals (eight months after hatching, 7 in 500 

2nRC, 4 in 3nR2C, 7 in 3nRC2, 8 in 3nCR2, and 3 in 3nC2R) for investigating the effects of CNVs on 501 

ASE and species-specific expression, which were assessed based on the above thresholds of 502 

differential expression analysis.  503 

 504 

Weighted gene correlation network analysis and functional annotation 505 

To investigate expression patterns across samples, we conducted coexpression analysis based on the 506 

two F1 hybrid and triploid samples using weighted gene correlation network analysis (v. 1.67). An 507 

unsupervised network on gene expression was built using the following default parameters. First, a 508 

matrix of Pearson correlations between genes was generated based on expression values. Then, an 509 

adjacency matrix representing the connection strength among genes was established by raising the 510 

correlation matrix to a soft threshold power. Next, the adjacency matrix was used to calculate a 511 

topological overlap matrix. Genes with similar coexpression patterns were clustered using 512 

hierarchical clustering of dissimilarity. Pearson correlations between the expression level of that gene 513 

and module were performed using eigengene-based connectivity, while Pearson correlations were 514 
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further calculated to measure the strength and direction of association between modules and growth 515 

traits. The coexpressed modules were determined and used in our next functional analyses. The hub 516 

genes related to growth regulation were further filtered based on thresholds of module membership > 517 

0.8 and gene significance > 0.3. Functional enrichment analyses were conducted and annotated with 518 

GO and Kyoto Encyclopedia of Genes and Genomes (KEGG) databases. The standard deviation of 519 

BW divided by the average BW across individuals was used to assess the BW diversity in each 520 

population. The standard deviation of the TPM value across the individuals of the six hybrid varieties 521 

was used to assess the expression diversity of the predicted growth-regulated genes. 522 

 523 

Correlation in the expression of alleles R and C, correlation between growth traits and allelic 524 

expression 525 

We detected a PCC between the expression of alleles R and C based on the below thresholds: a 526 

positive correlation was settled as PCC > 0.3; a strongly positive correlation was settled as PCC > 527 

0.5; a negative correlation was settled as PCC < −0.3; a strongly negative correlation was settled as 528 

PCC < −0.5. Differential analysis was performed based on the P value using a t-test. Then, we 529 

performed Pearson’s correlation analysis between growth weight and the expression of allele R or C.  530 

 531 

Mapping of methylation sequencing data and differentially methylated analysis 532 

The whole-genome bisulfite sequencing data of 2nRR, 2nCC, 3nR2C, and 3nRC2 (muscle tissue, 2 533 

years old, three biological replicates in each variety) were obtained from NGDC database with 534 

BioProject accession: PRJCA003625. After quality checking of the methylation sequencing reads, 535 

the clean reads of 2nRR and 2nCC were mapped to the respective genomes, and the clean reads of 536 

the two triploids (3nR2C and 3nRC2) were mapped to the combined genome sequences of 2nRR and 537 

2nCC [8,32]. The Bismark analysis pipeline was used to detect the methylated loci with the mapped 538 

parameters (-score_min L, 0, −0.2 −X 1000 -no-mixed -no-discordant) [48,49]. The clean reads were 539 

used for mapping to the reference genome four times, and only the reads that mapped to the same 540 

position of the reference genome each time were retained in our next analysis. A binomial 541 

distribution test was performed to identify 5-methylcytosine for each cytosine site. The potential 542 

methylation sites were then checked using the depth > 4 and false discovery rate (FDR) < 0.05 543 

thresholds. 544 

The average CpG methylation was detected in different gene regions, including upstream (a 545 

window size of 100 bp for 2 kb regions), the gene body, and downstream (a window size of 100 bp 546 

for 2 kb regions) of the coding regions. The average CpG methylation in the upstream and 547 

downstream transposon regions (2 kb) was calculated and plotted using R. The regions with different 548 
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methylation were detected using MOdel based Analysis of Bisulfite Sequencing data (MOABS) [50]. 549 

The R packages Dispersion Shrinkage for Sequencing data (DSS) and bsseq were used to call 550 

differentially methylated regions and predict DMGs based on a P value < 0.01. 551 

 552 

H&E staining 553 

A 10 mm trunk muscle from 2nRR, 2nCC, 3nR2C, and 3nRC2 was dissected from the region in the 554 

dorsum and fixed in Bouin’s solution for 24 h. The fixed tissues were washed with distilled water for 555 

4 h at 20℃. After dehydration in ethanol gradients and xylene, the samples were fixed in 4% 556 

paraformaldehyde and cut into serial paraffin sections (5–7 μm in thickness). Sections were 557 

processed for H&E staining. Digital images were captured with a microscope (DX8, Olympus, 558 

Tokyo, Japan). Three independent biological replicates were used to collect quantitative data on 559 

H&E staining in each hybrid variety. 560 
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Figure legend 1 

Figure 1  Generation process, genotypes, and growth phenotypes in the six hybrid varieties 2 

derived from the intergeneric hybridization of goldfish and common carp  3 

A. The controlled genotypes of hybrid varieties obtained from the intergeneric hybridization of 4 

goldfish (Carassius auratus red var.), common carp (Cyprinus carpio), subsequent polyploidization, 5 

and interploid hybridization. B. Genotypes of the two interspecific hybrids (2nRC and 2nCR) and the 6 

four triploid varieties (3nR2C, 3nCR2, 3nRC2, and 3nC2R) predicted based on the mapped reads of 7 

transcriptomes. C. Body weight in the six hybrid varieties (24 months after hatching). mtDNA, 8 

mitochondrial DNA. 9 

 10 

Figure 2  CNVs regulating allelic expression changes in the hybrid varieties  11 

A. Schematic diagrams of CNVs accompanied by hybridization, polyploidization, and interploid 12 

hybridization. White block represents the deletion of allele R or C. Gray box represents the 13 

duplication of allele R or C. B. Allelic CNV resulting from the ratio changes of alleles R vs. C. Here 14 

is the allelic CNV in the contiguous genes of chromosomes in four triploid individuals. For example, 15 

the loss of allele C was observed in the 92 contiguous genes of chromosome 19 (chr19). The 1:1 16 

ratio of allelic copy number was observed in chr40 of 3nR2C-4 and in chr19, chr36, chr25, and chr31 17 

of 3nRC2-2. In 3nR2C and 3nCR2, red line represents Log10(2), while in 3nRC2, it is Log10(0.5). 18 

Dotted line represents the calibration line, which is used to determine whether CNV occurs. C. The 19 

changes in the expression ratio of alleles R vs. C (chr19, chr25, chr31, and chr36) accompanied by 20 

CNVs in 3nRC2-2. Green line represents the average values in the no-CNV and CNV regions. D. 21 

Individuals with no-CNV and CNV had significantly different expression ratios of alleles R vs. C 22 

(the chr19, chr25, chr31, and chr36 of 3nRC2-2) (two-sided t-test analysis). CNVs, copy number 23 

variations. 24 

 25 

Figure 3  Mitochondrial genetics regulating allele-specific expression in reciprocal hybrids  26 

A. Differential expressed analysis was performed in the diploid (2nRC and 2nCR) and triploid 27 

(3nC2R and 3nRC2) groups. “No DE” represents no differential expression. “High in R of 2nRC” 28 

represents the genes relating to higher expression in allele R of 2nRC than ones in 2nCR (1881 genes, 29 

green). There are also “High in R of 2nCR” (1393 genes, blue), “High in C of 2nRC” (1545 genes, 30 

yellow), and “High in C of 2nCR” (1697 genes, orange). The silencing of allele R was detected in 31 

the two genes (bank1 and ptf1a) of 2nCR, while gene expression was observed in alleles of 2nRC. B. 32 

Schematic diagrams of nine allelic expression patterns regulated by mitochondrial genetics. Blue 33 
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represents the expression values in 2nCR and 3nRC2 (both mtDNA originating from both 2nCC), 1 

while red represents the expression values in 2nRC and 3nC2R (both mtDNA originating from both 2 

2nRR). “TPM in R” represents the expression values in allele R. FC, fold change; TPM, transcripts 3 

per million. 4 

 5 

Figure 4  Expression of 3693 growth-regulated genes altering body weight in the hybrid 6 

varieties  7 

A. PCC between the values of gene expression and body weight in the 3693 predicted 8 

growth-regulated genes. Among these genes, 3672 genes originated from subgenome R. Among 9 

them, the PCC values of 2032 genes are represented as blue dots and are greater than or equal to −0.5. 10 

Meanwhile, the PCC values of 1640 genes are represented as green dots and are less than −0.5. A 11 

gene (solute carrier family 2 member 12, abbreviated as slc2a12, black arrow) in subgenome C 12 

exhibited a negative correlation between gene expression and body weight (24 months after 13 

hatching). The other 20 genes in subgenome C showed positive correlations. B. Diversities in gene 14 

expression and body weight across the individuals of each variety. The SD of GPM values in the 15 

3693 growth-regulated gene was performed to assess the expression diversity across individuals. The 16 

SD of body weight values was calculated to assess the growth diversity across individuals. C. A 17 

heatmap exhibiting the expression of the 21 growth-regulated genes in subgenome C across 18 

individuals. Two groups were classified into the six hybrid varieties based on the clustering of body 19 

weight and gene expression. PCC, Pearson correlation coefficient; GPM, gene per million; SD, 20 

standard deviation. 21 

 22 

Figure 5  Correlational analyses of expression of alleles R and C, allele-specific expression, 23 

and body weight 24 

A. Expression correlational analyses of the 3693 growth-regulated genes between the expression of 25 

AGPs and non-AGPs based on PCC values. B. Correlational analyses of the nine AGPs, which 26 

belong to the 21 growth-regulated genes in subgenome C. Blue represents the PCC between the 27 

expression of allele C and body weight. C. The distributions of PCC (violin plot) and body weight 28 

(box plot) values in the six hybrids. The median value of PCC is indicated in figure. D. A two-sided 29 

t-test of PCC values was performed to detect the effects of gene regulatory networks between two 30 

hybrid varieties. E. The distribution of genes with |PCC| > 0.5. For example, 194 genes were shared 31 

among the six hybrid varieties (red). AGPs, allelic gene pairs; 32 

 33 

Figure 6  Analyses on DNA methylation, allele-specific expression, and histological 34 
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observation between hybrids with different body weights  1 

A. DNA methylation levels of different gene elements in the two triploids (3nR2C and 3nC2R) and 2 

their inbred diploid parents (2nRR and 2nCC). Each region was divided into twenty bins based on its 3 

total length. The methylation ratio of subgenome R was higher in two triploids than in 2nRR, while 4 

the methylation ratio of subgenome C was higher in 3nR2C than in 3nC2R and 2nCC. “3nR2C” 5 

represents the combined methylation ratios of subgenomes R and C in 3nR2C. “3nR2C-R” represents 6 

the methylation ratios in the subgenome R of 3nR2C. B. DNA methylation level of the 2094 7 

growth-regulated genes. C. The expression levels of the 2094 growth-regulated genes. D. 8 

Cross-section of skeletal muscle (H&E staining) showing the myofibers of the two triploids and their 9 

inbred parents (2nRR and 2nCC) (n = 3 biologically independent samples). Scale bar = 100 μm (10X). 10 

H&E. hematoxylin and eosins. 11 
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