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A B S T R A C T

Hybridization between different genera can greatly shape the genotype and phenotype of individuals. It is 
possible to sporadically obtain individuals or populations with heterosis through conducting multiple rounds and 
stages of hybridization, backcrossing, and self-crossing. Investigating the regulatory relationship between allelic 
combinations from different species and specific economic traits in hybrid individuals will help us understand the 
genetic mechanism of heterosis. In this study, we conducted a transcriptomic analysis of 25 individuals from the 
F2 population obtained from the intergeneric hybridization of blunt snout bream (Megalobrama amblycephala, 
BSB) and topmouth culter (Culter alburnus, TC). We identified 94,897 SNPs on the subgenome BSB (originating 
from species BSB) and 26,372 SNPs on the subgenome TC (originating from species TC). By utilizing WGCNA to 
construct a co-expression network, we successfully identified 54 key genes involved in growth regulation. Of 
these, 8 genes from subgenome BSB show 7 positively influencing and 1 negatively influencing growth rate. 
Additionally, 46 genes in subgenome TC include 24 with positive and 22 with negative correlations to growth 
rate. Using eQTL analysis, we assessed associations between SNPs and gene expression levels for 3736 cis- and 
7683 trans-regulatory events. In comparative analyses of eQTL and WGCNA, we detected 2 cis- and 16 trans- 
regulatory genes shared in them, indicating their potential regulatory network in growth diversity in the hybrid. 
These results help us understand the complex regulatory network of growth traits in intergeneric hybrids. It 
represents a significant advancement in molecular-assisted breeding, offering valuable insights for developing 
effective hybrid breeding strategies and achieving heterosis in populations or individuals.

1. Introduction

Megalobrama amblycephala, commonly known as blunt snout bream 
(BSB; 2n = 2×= 48), and Culter alburnus, known as topmouth culter (TC; 
2n = 2×= 48), belong to the family Cyprinidae and subfamily Cultrinae. 
They are economically significant freshwater fish species in China (Zhou 
et al., 2008). These two species exhibit distinct feeding habits and 
morphological characteristics (Ren et al., 2019). The BSB is herbivorous 
and possesses a higher dorsal fin and a shorter body compared to the 

carnivorous TC. The wild populations of BSB and TC have been severely 
depleted due to overfishing, and artificial culture has become the pri
mary way of production for these species. However, in recent years, 
their growth rates and meat quality have declined during cultivation, 
posing challenges to sustainable aquaculture practices. It is crucial to 
genetically improve the existing BSB and TC populations to obtain su
perior strains with desirable traits, which will contribute to the healthy 
development of aquaculture in China.

Hybridization offers a rapid way to generate diverse genotypes and 
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phenotypes, presenting ample opportunities to investigate the influence 
of genetic regulation on phenotypic traits. Interspecific hybridization 
has been extensively employed in certain plant species, such as Triticum 
aestivum × Secale cereal (Degraeve et al., 2021) and Brassica nigra ×
B. rapa (Paritosh et al., 2014), aiming to develop varieties with superior 
economic traits. Similarly, in the field of fish breeding, interspecific 
hybridization involving different genera or subfamilies has been 
observed in carps (Liu et al., 2016; Qin et al., 2014), salmonid fish 
(Hórreo et al., 2011), and cichlid fish (Selz and Seehausen, 2019). Of 
particular interest, the intergeneric hybrids between BSB and TC 
demonstrate a range of phenotypic variations, including intermediate 
body shapes (Rapp et al., 2009a) and diverse growth patterns. These 
hybrids provide valuable material for studying the genetic basis un
derlying the observed phenotypic diversity.

The study of genome-wide allelic expression is an important way to 
find out about the different kinds of quantitative traits that are linked to 
changes in allelic expression (Ren et al., 2019). This type of research is 
extensively conducted on various plant species, including cotton (Rapp 
et al., 2009b), rice (Song et al., 2013) and maize (Springer and Stupar, 
2007). Such changes arise from hybridization and can lead to allelic 
expression dominance (Yoo et al., 2013). Asymmetric expression pat
terns are often linked to imbalanced expression of alleles in hybrids, 
resulting from cis-regulatory changes that affect transcription initiation, 
transcription rates, and/or transcript stability in alleles. Additionally, 
trans-regulatory changes can impact the efficiency of cis-trans in
teractions by modifying the activity or expression of transcription fac
tors (Maheshwari and Barbash, 2012; McManus et al., 2010).

To investigate the growth diversity within these hybrids, we con
ducted genome-wide allelic expression analysis using the weighted gene 
co-expression network analysis (WGCNA) method. By employing this 
approach, we identified key growth-regulated genes. In addition, we 
found single nucleotide polymorphisms (SNPs) in the coding sequences 
of the alleles and looked for links between these SNPs and the growth 
traits in the hybrid population. Our findings highlight the importance of 
allelic expression in regulating growth diversity, offering valuable in
sights for the study and application of genetic breeding in aquaculture.

2. Material and methods

2.1. Samples

The fish used in this study involved the F2 hybrid population, which 
was obtained from the hybridization of male C. alburnus (topmouth 
culter, TC) and female M. amblycephala (blunt snout bream, BSB), and 
the subsequent self-crossing of the F1 hybrid population. These fish were 
fed in a pool with suitable environmental conditions involving water 
temperatures, oxygen content, forage, breeding density, etc. These pools 
were located in the drainage area of Dongting Lake, Hunan, China (29◦

11′ 51“ N, 112◦ 35’ 50” E). Twenty-five healthy individuals (twelve 
months after hatching) were collected for this study. The growth traits, 
including body length (BL), body height (BH), and body weight (BW), 
were detected for each individual. These fish were deeply anesthetized 
with 300 mg/L Tricaine Methanesulfonate (Sigma-Aldrich, St. Louis, 
MO, USA) for 10 min (25 ◦C) in a separate tank. After confirming death, 
they were collected to extract the muscle tissue, which has significant 
implications for growth traits. The DNA content of the erythrocytes of 
the hybrids was measured using flow cytometry (Cell Counter Analyzer, 
Partec, Germany) (Xiao et al., 2014). The transcriptome data of muscle 
tissue in 25 hybrid individuals was obtained using DNA nanoball 
(DNBSEQ-T7) technology according to the standard method (Patterson 
et al., 2019).

2.2. RNA isolation and mRNA-seq

Total RNA of the 25 F2 hybrid in muscle tissue was isolated and 
purified according to the TRIzol extraction method, respectively (Rio 

et al., 2010). The RNA concentration was measured using NanoDrop 
technology. Total RNA samples were treated with DNase I (Invitrogen) 
to remove any contaminating genomic DNA. The purified RNA was 
quantified using an Agilent 2100 system. Isolated mRNA was frag
mented with a fragmentation buffer. The resulting short fragments were 
reverse transcribed and amplified to produce cDNA. The mRNA-seq li
braries of the 25 samples were prepared according to the standard high- 
throughput method. The quality of the cDNA library was assessed by the 
Agilent 2100 system.

2.3. Detection of gene expression based on mRNA-seq

The sequencing adaptors, duplicated read pairs, and low-quality 
reads of RNA-seq were removed with Fastp (v. 0.21.0) (Chen et al., 
2018). After quality control, the clean reads of RNA-seq data were 
aligned to the combined genomes of M. amblycephala and C. alburnus 
using bowtie2 (v. 2.3.5.1) (Langmead et al., 2009) with default pa
rameters. Then the alignment result in SAM format was converted to 
BAM format and sorted using SAMtools (v. 1.10) (Li et al., 2009), the 
unique mapped reads were tabulated using htseq-count (v. 0.12.4) 
(Srinivasan et al., 2020). The gene expression values of 25 samples were 
normalized based on the ratio of the number of mapped reads for each 
gene to the total number of mapped reads for the entire genome. The 
gene with an average mapped reads <5 across all samples was filtered 
out, and we finally obtained 23,438 expressed genes along with their 
expression levels. The transcripts per million (TPM) values were calcu
lated based on the normalized data and used for WGCNA and correlation 
analysis.

The allelic gene pair (AGP) between the subgenome BSB (originating 
from M. amblycephala) and subgenome TC (originating from C. alburnus) 
in the hybrid offspring was obtained using the all-against-all reciprocal 
BLASTP (v. 2.8.1) with an e-value threshold of exp.(− 6) based on pro
tein sequences. These AGPs were then selected based on the 23,438 
expressed genes identified in the above step, resulting in 6252 AGPs. 
Then we obtained 6252 non-AGPs through the staggered pairing 
method. Furthermore, we conducted Pearson correlation coefficient 
(PCC) analysis on the AGPs and non-AGPs using the cor.test function in 
R.

To investigate allele-specific expression (ASE) regulating growth 
diversity in the hybrid population, we calculated bias values by using the 
ASEbias value = CBSB/(CBSB + CTC) -0.5 formula, where the “C” represents 
the read count of AGP, and used the POISSON.DIST function to compute 
the p-value. If the p-value was less than or equal to 0.05 (p ≤ 0.05) and 
the bias value was greater than zero (bias value >0), the AGP was 
considered BSB allelic expression bias. Conversely, if the p-value met the 
same threshold (p ≤ 0.05) but the bias value was less than (bias value 
<0), the AGP was considered TC allelic expression bias. Then we used 
the cor.test function to perform PCC analysis between the bias values 
and body weight and identified AGPs by applying a threshold of p-value 
≤0.05 and |PCC| ≥ 0.4.

2.4. SNP detection and eQTL analysis

SNPs were extracted using GATK (v. 4.0.4.0). First, the Picard toolkit 
was used to reorder the BAM file obtained in the alignment step, add the 
RG information in the header, remove the duplicate sequence generated 
by PCR, and then use the ‘HaplotypeCaller’ function to call SNPs (Gao 
et al., 2021). As there were multiple samples, the intermediate gVCF file 
needed for subsequent analysis was generated for each sample. Then, 
the ‘CombineGVCFs’ function was used to integrate the multiple gVCF 
files into a combined VCF file. The final filtered VCF file was obtained by 
the ‘VariantFiltration’ function with hard filtering thresholds (Van der 
Auwera et al., 2018). In the end, we obtained 121,269 SNPs for further 
analysis.

We used the PLINK (v. 1.90b6.10) (Purcell et al., 2007) to perform 
genome-wide association study (GWAS) analysis, with body weight as 
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the phenotype. To express the results more intuitively, we converted the 
p-value to -log10(p-value). Then we applied a threshold of -log10(p- 
value) ≥ 5 to identify the SNPs significantly associated with body 
weight.

Then R-package Matrix eQTL (v. 2.3) (Shabalin, 2012) was used to 
detect expression quantitative trait loci (eQTL) and calculate the rela
tionship between SNPs and gene expression. First, the threshold cisDist 
was set at 1 megabase (MB), which represents the maximum distance 
between SNP and gene association. The cis-eQTL mapping window 
encompassed a region spanning 1 Mb upstream of the transcription start 
site to 1 Mb downstream of the gene end. SNP-gene pairs falling within 
this region were classified as cis-associated, whereas those outside were 
classified as trans-associated (Liu et al., 2020). For cis-eQTL and trans- 
eQTL, we applied the adjusted thresholds of p-value ≤ exp.(− 3) and p- 
value ≤ exp.(− 6), respectively.

2.5. WGCNA analysis

To identify specific modules associated with three phenotypes, a 
weighted co-expression network of all expressed genes was constructed 

using the R package WGCNA (v. 1.71) (Langfelder and Horvath, 2008). 
In this study, we chose the soft-threshold power of 14 for automatic 
network construction with the blockwiseModules function. Subse
quently, we transformed the adjacency matrix into a topological overlap 
matrix (TOM). The TOM is used for hierarchical clustering, which 
groups genes with similar expression profiles into modules, each module 
represents a cluster of co-expressed genes. Each module was required to 
contain at least 30 genes, based on our chosen criteria. Then, the mod
ules strongly correlated with traits (p-value ≤0.05) are potential can
didates for further biological investigation. The genes within the 
mentioned modules are sorted out and filtered out based on the 
threshold of |PCC| ≥ 0.5 between genes and modules, as well as the 
threshold of |PCC| ≥ 0.5 between genes and three phenotypes. Finally, 
based on the threshold of |PCC| ≥ 0.5 between genes and the three 
phenotypes (BW, BL, and BH), these hub genes are classified into three 
types.

Fig. 1. Appearance of hybrid lineage of M. amblycephala and C. alburnus, body weight of BTF2 population. Appearance of BSB, TC, and their hybrid progenies of BTF1 
(two-year-old individual), and BTF2 (one-year-old individual). Blue dotted line represents the median value of body weight (50 individuals) in the BTF2 population, 
red dotted line represents the mean value. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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3. Results

3.1. Growth diversity

The 25 F2 hybrid individuals were obtained from the intergeneric 
hybridization of female M. amblycephala (blunt snout bream, BSB) and 
male C. alburnus (topmouth culter, TC) and subsequent self-crossing of 
the F1 hybrid population, providing key genetic material for investi
gating the genetic mechanisms of growth diversity in hybrids. We 
randomly collected 25 individuals (body weight ranged from 1.6 g to 
104.3 g) from this population, which was bred in a pond with suitable 
environments (Fig. 1 and Table B.1). The values of body length vs. body 
height ranged from 3.56 to 4.34, while distinct ones were observed 
between inbred paternal BSB and TC (Table B.1) (Xiao et al., 2014). In 
conclusion, the F2 hybrid resulting from the hybridization of BSB and TC 
provides valuable insights into the interaction of alleles from both spe
cies in regulating the diversity of growth traits.

3.2. Allele-specific expression

To further investigate ASE in the F2 hybrid population, we mapped 
the 307.52 gigabase (GB) of clean reads of the 25 transcriptomes to the 
combined genomes of BSB and TC (Table B.2). The 65,453,073 unique 
reads were utilized to assess gene expression (Table B.3). We detected 
15,305–19,960 expressed genes in these hybrid individuals. Among 
these, 6712–10,309 (42.33 %–58.72 %) originated from subgenome 
BSB, while 6992–10,076 (41.28 %–57.67 %) were from subgenome TC 
(Table B.4). We also analyzed 6252 AGPs between BSB and TC. Among 
these, 709 to 2867 alleles (11.34 %–45.86 %) from TC were predomi
nantly expressed in the 25 hybrid individuals, exhibiting higher 
expression levels of TC alleles compared to those of BSB. Conversely, 
712 to 2336 alleles (11.39 %–37.36 %) from BSB demonstrated domi
nant expression (Table B.5). Additionally, we observed co-expression of 
alleles BSB and TC in 2215–4573 (35.43 %–73.14 %) genes within the 
hybrid population (Table B.5), demonstrating varied expression patterns 
of alleles from different species.

Focusing on the distribution of diverse ASE patterns in the 25 hybrid 
individuals, we found that 659–1527 (10.56 %–24.45 %) gene pairs 
exhibited a BSB allelic expression bias, while 2427–4155 (38.84 %– 
66.60 %) gene pairs showed a bias towards TC allelic expression. 
Moreover, 1116 to 2927 (17.91 %–46.84 %) gene pairs did not display 

any expression bias (Table B.6). These results suggest a stronger bias in 
allele expression towards the subgenome TC in the hybrid progenies 
(Fig. 2A). In investigating ASE’s role in regulating growth diversity 
within the hybrid population, we selected 155 AGPs through a Pearson 
correlation analysis between body weight and bias values (Table B.7).

Analyzing the PCC of expression values in AGPs and non-AGPs pro
vides insights into allele interactions. Within the 6252 AGPs examined, 
the average absolute value of gene expression correlation coefficient was 
significantly higher in AGPs (average absolute value of PCC = 0.56) 
compared to non-AGPs (average absolute value of PCC = 0.18) (Fig. 2B). 
Of these AGPs, 5224 (83.56 %) demonstrated a positive correlation (| 
PCC| ≥ 0.3, p-value ≤0.05), with 4416 (70.63 %) showing a strong 
positive correlation (|PCC| ≥ 0.5, p-value ≤0.05) (Table B.8). These 
findings suggest a regulatory interplay between BSB and TC alleles, 
possibly driven by their shared trans-regulatory factors.

3.3. Genomic variations regulate gene expression

The eQTL analysis was performed on transcriptomic data from 25 
hybrid individuals, aiming to assess the associations between SNPs and 
gene expression levels, focusing on 3736 cis- and 7683 trans-regulatory 
events (Fig. 3A). Notably, the distribution of observed p-values for trans- 
eQTLs demonstrated an earlier deviation from the diagonal compared to 
cis-eQTLs. This suggests that trans-eQTLs are more readily detectable 
than cis-eQTLs in the transcriptome data of these hybrids (Liu et al., 
2020) (Fig. A.1).

Focused on 3736 cis-regulatory events (p-value ≤ exp.(− 3)), we 
discovered 2463 cis-regulatory SNPs (cis-SNPs) affecting 1141 genes (cis- 
genes) in the subgenome BSB, while 492 cis-SNPs regulating 520 genes 
were in the subgenome TC (Fig. A.2 A and Table B.9). Additionally, our 
study identified 7683 trans-regulatory events (p-value ≤ exp.(− 6)), 
revealing 2666 trans-regulatory SNPs (trans-SNPs) affecting 2027 genes 
(trans-genes) in the subgenome BSB and 752 trans-SNPs regulating 1957 
genes in the subgenome TC (Fig. A.2B and Table B.9). In summary, our 
analysis based on transcriptome data revealed a higher incidence of 
trans-regulatory events compared to cis-regulatory events. Moreover, the 
subgenome BSB of the hybrid population exhibited a greater number of 
regulatory events than the subgenome TC.

The 7683 trans-regulatory events can be categorized into four 
distinct patterns: Pattern 1 (3128 events, BSB-SNPs regulating TC 
genes), Pattern 2 (3242 events, BSB-SNPs regulating BSB genes), Pattern 

Fig. 2. Allele-specific expression and correlated analyses in AGPs and non-AGPs. 
A. The gene number with TC allelic expression bias was higher than those with BSB allelic expression bias across 25 individuals. The bias values smaller than zero 
were considered TC allelic expression bias, while bias values bigger than zero were considered BSB allelic expression bias. 
B. Expression correlational analyses of the 6252 allelic gene pairs (AGPs) and non-allelic gene pairs (non-AGPs) based on Pearson correlation coefficient (PCC) values.
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3 (623 events, TC-SNPs regulating BSB genes), and Pattern 4 (690 
events, TC-SNPs regulating TC genes) (Fig. A.3 and Table B.10). Our 
analysis reveals that SNPs on the subgenome BSB play a more prominent 
role in regulating gene expression within the hybrid population 
compared to those on the subgenome TC (Fig. A.3 and Table B.9). An 
intersection analysis of cis-genes and trans-genes uncovered 329 genes 
regulated by both cis- and tran-SNPs (Fig. 3B). Additionally, we observed 
that the chromosomal distribution of both cis-SNPs and trans-SNPs was 
predominantly concentrated on chromosomes 7 and 21. We conducted a 
GWAS and found that 105 SNPs across 121,269 SNPs showed a signifi
cant correlation with body weight (Fig. 4).

3.4. Growth-regulated genes predicted by WGCNA

To explore the regulation of gene expression on growth phenotypes 
in the hybrid population, we mapped the clean reads from 25 

transcriptomes to the combined genomes of BSB and TC and calculated 
gene expression values. We focused on three growth phenotypes—body 
weight, body length, and body height—and conducted a WGCNA anal
ysis. Out of the 23,438 total expressed genes, 54 (0.23 %) were identified 
as hub genes within four significant modules (MElightpink4, MEfire
brick4, MEdarkslateblue, and MEorange) (Fig. A.4). These 54 genes are 
considered potential regulators of growth in the hybrid population. 
Intriguingly, among these hub genes, 8 originated from the subgenome 
BSB and 46 from the subgenome TC. In the subgenome BSB, 7 out of 8 
hub genes showed a positive correlation between expression and three 
growth phenotypes, whereas in the subgenome TC, 24 out of 46 
exhibited this positive correlation (Fig. 5 and Table B.11). There are 21 
unknown genes in the 54 hub genes, numbered according to the 
“Gene**” format (Table B.12).

Fig. 3. Genome-wide eQTL analysis. 
A. A schematic diagram of cis- and trans-regulatory events in hybrid. 
B. Distribution of cis-genes and trans-genes.

Fig. 4. Manhattan plots of the GWAS of body weight in subgenomes BSB and TC of the hybrid. The p-values (≤ exp.(− 5)) of SNPs marked with green and orange. 
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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3.5. Distribution of growth-regulated genes among eQTL, WGCNA, ASE, 
and GWAS analyses

To investigate the genetic mechanism of growth diversity in hybrids, 
we performed a series of analyses, including eQTL, WGCNA, and GWAS 

(Fig. 6A). Through the above eQTL and GWAS analyses, we detected 9 
SNPs involving 9 genes shared in them, exhibiting their regulatory 
network in growth rate through cis- and trans-SNP-gene pairs (Fig. 6B). 
Meanwhile, we performed analyses on 5645 eQTL-associated genes and 
the 54 hub genes detected based on WGCNA analysis. The 2 cis-genes 
and 16 trans-genes were shared between them (Fig. 6C). Then, we per
formed conjoint analyses on the 54 hub growth-regulated genes and the 
155 ASE-genes, and their ASE exhibited a correlation with body weight 
values. We found the four share genes in them, including tspan5 
(K17345, e-value = 1.1exp(− 168)) (Fig. 6D). These results, including 
eQTL, WGCNA, ASE, and GWAS analyses, enhance my understanding of 
the genetic mechanisms of growth diversity in hybrids.

4. Discussion

The development of the global aquaculture industry depends on 
superior fish varieties. In recent years, environmental changes, 
including pollution and habitat destruction, have led to a continuous 
decrease in the size and diversity of the wild freshwater farmed fish 
populations, thereby depleting genetic resources in aquaculture (Liu 
et al., 2019). As an important component of the aquaculture industry, 
the development of freshwater fisheries has become an important di
rection that we need to focus on. Many important freshwater farmed 
fish, such as grass carp (Ctenopharyngodon idella), silver carp (Hypo
phthalmichthys molitrix), and bighead carp (Hypophthalmichthys nobilis), 
belong to the family Cyprinidae (Hontela and Stacey, 2019). As the 
largest category of vertebrates, cyprinid fish have undergone multiple 
events involving hybridization, gene flow, and polyploidization during 
their formation. The latest studies indicate that their radiation evolution 
and speciation are closely associated with hybridization events (Pereira 
et al., 2014). Compared to other vertebrates such as birds and mammals, 
the gonads of cyprinid fish exhibit conservation, which provides a 
crucial genetic basis for the hybridization of extant cyprinid fish (Hliwa 
et al., 2017). In this context, carrying out genetic breeding of interge
neric and interspecific hybrid fish populations is crucial for promoting 
the development of freshwater fisheries.

Interspecific hybridization between BSB (blunt snout bream) and TC 

Fig. 5. Expression levels of the 54 growth-regulated genes and body weight in 25 hybrid individuals. 
A. The expression values of the 31 genes exhibited a positive correlation with the values of body weight. 
B. The expression values of the 23 genes exhibited a negative correlation with the values of body weight. 
Note: “BW” represents the genes identified through WGCNA analyses of the body weight trait; “BL” represents the genes identified through WGCNA analyses of the 
body length trait; “BW + BL” represents the shared genes in WGCNA analyses of the two traits (body weight and body length); “BW + BH” represents the shared genes 
in WGCNA analyses of the two traits (body weight and body height); “BW + BL + BH” represents the shared genes in WGCNA analyses of the three traits (body 
weight, body length, and body height). The “Gene**” represents unknown gene.

Fig. 6. Association analyses among SNPs, gene expression and growth traits, 
gene and SNP distributions of eQTL, WGCNA, ASE, and GWAS results. 
A. Investigate the impact of SNPs on growth traits through GWAS method. 
Investigate the impact of SNPs on gene expression through eQTL method. 
Investigate the impact of gene expression on growth traits through WGCNA and 
ASE methods. 
B. SNP distribution among cis- and trans-eQTL and GWAS. 
C. Gene distribution among cis- and trans-eQTL and WGCNA. 
D. Gene distribution among ASE and WGCNA.
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(topmouth culter) offers a unique approach to studying the genetic basis 
of growth traits in fish. Our research utilizes the F2 generation resulting 
from this hybridization to gain insights into the relationship between 
allelic variation and growth phenotype. The F1 hybrid population ex
hibits a rich genetic tapestry due to inherent differences between 
parental BSB (high-backed) and TC (slender-bodied) fish. These differ
ences stem from single nucleotide polymorphisms (SNPs) within the 
parental populations. Furthermore, the segregation of alleles from the F1 
gametes and their independent assortment during fertilization in the F2 
generation lead to a further diversification of genotypes (Wang and Xu, 
2019). This diversification, confirmed through studies on ribosomal 
RNA and nuclear genes (Ren et al., 2019; Xiao et al., 2014), results in a 
wider range of allelic combinations influencing growth traits.

Our study, building on previous observations in plants, including 
cotton (Bao et al., 2019) and maize (Yang et al., 2017), and fish, 
including economical fish species such as swordtail fish (Powell et al., 
2020), tilapia (Zhong et al., 2019) and goldfish (Ren et al., 2022), re
veals that alleles from different species (allo-alleles) exert differential 
effects on growth rate in the F2 hybrids. Four genes identified through 
ASE and WGCNA analyses, including tspan5, emerged as potential reg
ulators of human body height (Yengo et al., 2022). These variations 
likely arise from differences in transcription sequences and translated 
peptide chains. These peptides can directly influence growth-related 
physiological pathways. The study demonstrates that allo-allele com
binations of key growth-regulated genes can have both positive and 
negative effects on individual growth rates and body sizes.

While our F2 population provides valuable insights, the present 
genotypic range is limited due to recombination events. To systemati
cally explore the optimal combinations of allo-alleles that shape ideal 
growth phenotypes, further research is needed on two key fronts: 1) 
Building a more diverse genotypic population through targeted breeding 
strategies will be crucial. 2) Employing advanced genomic and tran
scriptomic studies is essential to identify specific genes and their regu
latory mechanisms underlying the effects of heterologous alleles. 
Understanding the genetic basis of growth traits will empower targeted 
breeding strategies. Backcrossing and other selective breeding ap
proaches can be employed to cultivate superior fish varieties with the 
desired body shapes and growth rates. Additionally, future research 
should explore the interaction between genotype and breeding envi
ronment for optimizing hybrid cultivation practices.
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