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Abstract
Background Interspecific hybrid combinations of Larimichthys crocea × Larimichthys polyactis exhibit heterosis in 
terms of growth traits; however, the molecular regulatory mechanism underlying this phenomenon remains unclear. 
DNA methylation plays a pivotal role in regulating gene expression and is involved in growth and development 
processes. In this study, we comprehensively investigated intricate regulatory processes by integrating transcriptome 
and methylome datasets from brain, liver, and muscle tissues.

Results We analyzed a total of 72 sequence datasets, including transcriptome and genome-wide DNA methylome 
data, from 36 tissue samples using LC, LP, LPC and LCP. We elucidated the distinct expression patterns of these four 
populations and examined their interactions with DNA methylation. Our findings revealed diverse DNA methylation 
profiles and demonstrated a greater number of hypo-DMRs in hybrid yellow croakers than in their parental lines. 
The majority (86 ~ 92%) of these DMRs were observed within the CG context. Moreover, we found that most DMRs 
were located within promoter regions as well as exons and introns. A total of 1288 DMEGs were identified through 
correlation analysis between DNA methylation and transcriptional activity. Functional enrichment analysis revealed 
that most of the DMEGs were significantly enriched in pathways related to the protein export pathway, proteasome, 
terpenoid backbone biosynthesis, ubiquitin-mediated proteolysis, autophagy-other pathway. Furthermore, we 
screened candidate growth-related genes, such as stat2, capn2, akt1, mTOR, and mef2aa. Among these, the expression 
levels of capn2, mTOR, and akt1 exhibited a positive correlation with DNA methylation levels, whereas the expression 
levels of stat2 and mef2aa showed a negative correlation. These findings suggest that alterations in DNA methylation 
patterns may promote growth advantages in hybrid yellow croaker by modulating the expression of these genes.

Conclusions Epigenetic changes exert distinct influences on genes related to growth heterosis. The presented data 
establish a foundation for comprehending the epigenetic and transcriptomic alterations underlying the growth of 
hybrid yellow croaker, thereby providing preliminary insights into the molecular mechanisms of growth heterosis. 
These findings have significant implications for breeding programs aimed at enhancing yellow croaker production.
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Background
Hybridization, which encompasses numerous cross 
combinations that exhibit heterosis [1], is extensively 
employed in the field of aquaculture. The small yellow 
croaker (Larimichthys polyactis, LP) primarily inhabits 
the Bohai Sea, Yellow Sea, and East China Sea, while the 
large yellow croaker (Larimichthys crocea, LC) predomi-
nantly occurs in the Bohai Sea, East China Sea and South 
Sea [2]. In 2022, the total national output reached 257,683 
tons [3], making them two important economic fishes in 
offshore China [4]. Since 2016, we have successfully bred 
the fast-growing strains LPC (Larimichthys polyactis ♀ 
× Larimichthys crocea ♂) and LCP (Larimichthys cro-
cea ♀ × Larimichthys polyactis ♂) through interspecific 
hybridization. At 12 months of age, LCP lines exhibited 
the highest growth rate, demonstrating overparent het-
erosis, while LPC lines displayed an intermediate growth 
rate between the parents, indicating midparent hetero-
sis. Heterosis, commonly observed in hybrids, refers to 
the phenomenon where hybrid offspring exhibit supe-
rior traits compared to their parents, such as enhanced 
growth, disease resistance, and improved muscle nutri-
tional quality. This phenomenon has significant appli-
cations in aquaculture, particularly for species like the 
yellow croaker, where hybridization has been shown to 
enhance growth rates and production efficiency. Maxi-
mizing the benefits of heterosis is the primary objec-
tive in crossbreeding. However, the molecular basis of 
growth heterosis in hybrid yellow croakers remain poorly 
understood. Understanding the molecular mechanism 
of growth-related traits in hybrid yellow croaker and 
breeding fast-growing varieties is crucial for enhancing 
output and economic value. Studies suggest that gene 
expression and DNA methylation play pivotal roles in 
regulating heterosis. Numerous differentially expressed 
genes (DEGs) that exhibited differential methylation 
(DMEGs) associated with heterosis have been identified 
in Haliotis diversicolor hybrids, Dorper×Small Tailed 
Han crossbreds, and hybrid rice through gene expression 
and epigenetic analyses [5–7]. However, the regulatory 
mechanism by which DNA methylation influences gene 
expression to enhance growth performance in hybrid yel-
low croaker has not been determined. This study aims to 
examine the transcriptomic and DNA methylation pro-
files of hybrid and parental yellow croakers to uncover 
the molecular mechanisms underlying their superior 
growth characteristics.

DNA methylation is one of the hallmarks of epigenetic 
mechanisms and is involved in pretranscriptional regu-
lation. Alterations in the level of methylation in hybrid 
offspring further impact transcription levels, thus con-
tributing to the development of heterosis [8, 9]. A previ-
ous study showed that Haliotis diversicolor hybrids have 
lower levels of whole-genome methylation, which results 

in more active gene transcription through epigenetic 
regulation. These changes ultimately lead to phenotypic 
differences through a series of physiological and bio-
chemical processes, such as translation and metabolic 
pathways [5]. Variation was observed in the DNA meth-
ylation patterns of inter-subspecific hybrid rice, which 
negatively regulate gene expression. The differentially 
expressed genes associated with photosynthesis func-
tions were significantly enriched, influencing flag leaf 
gene expression and heterosis [7].

In the present study, the analysis of phenotypic traits 
revealed significant heterosis during the growth of hybrid 
yellow croaker. To investigate the role of gene expression 
and DNA methylation in the development of growth het-
erosis, we first performed RNA-seq and Whole Genome 
Bisulfite-Seq (WGBS) analyses of brain, liver, and muscle 
tissues from 36 yellow croakers belonging to four popu-
lations (LC, LP, LPC, and LCP). Moreover, we screened 
DEGs, differentially methylated genes (DMGs), and 
DMEGs between the hybrid offspring and their parental 
lines. We analyzed the correlation between gene expres-
sion and apparent regulation while exploring the key 
metabolic pathways underlying DMEGs enrichment in 
growth. These results provide valuable insights into the 
underlying molecular mechanisms driving heterosis at 
both the transcriptional and DNA methylation levels and 
may lead to enhanced genetic improvement of growth 
traits in yellow croaker.

Methods
Animal and tissue collection
Two parental lines, Larimichthys crocea and Larimich-
thys polyactis, and the interspecific hybrids LPC and LCP 
were used in this study. All the experimental animals 
were sourced from Xiangshan Harbor Aquatic Seedling 
Co., Ltd., Ningbo, China. The fry of the hybrids and their 
parental lines were raised under the same conditions. 
During the breeding period, aquatic compound feed 
was provided. The nutritional composition of this feed 
includes crude protein ≥ 35.00%, crude fat ≥ 3.00%, coarse 
fibre ≤ 8.00%, crude ash ≤ 16.00%, moisture ≤ 12.00%, total 
phosphorus ≥ 0.50%, and lysine ≥ 1.70%. After 12 months 
of age, body weight and body length were measured for 
the four lines, and analysis of variance (ANOVA) was 
conducted to assess heterosis in hybrid yellow croaker. 
After the experimental fish were anesthetized using tric-
aine methanesulfonate (MS-222) (Sigma, USA), tissues, 
including the brain, liver, and muscle, from each line 
were collected and immediately frozen in liquid nitrogen 
for subsequent RNA or DNA extraction. For each tissue, 
three replicates were performed, RNA-Seq and WGBS 
were performed.
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mRNA library construction and sequencing
For RNA-Seq, total RNA was extracted from 36 tissue 
samples using TRIzol (Invitrogen, USA) according to the 
manufacturer’s instructions. The concentration of RNA 
was assessed using a NanoDrop (Thermo Fisher Scien-
tific, USA), and the quality was evaluated on an Agilent 
2100 bioanalyzer (Thermo Fisher Scientific, USA). All 
samples with an RNA integrity number (RIN) ≥ 7.0 and 
a 28  S/18S ratio ≥ 1.5 were used to prepare sequencing 
libraries to ensure high-quality sequencing data. mRNA 
was purified using oligo (dT)-attached magnetic beads 
and fragmented into small pieces. cDNA was synthesized 
using random hexamer-primed reverse transcription. 
Subsequently, A-Tailing Mix and RNA Index Adapters 
were added and incubated for end repair. The cDNA frag-
ments obtained from the previous step were amplified 
by PCR, and the double-stranded PCR products were 
heated, denatured and circularized by the splint oligo 
sequence to obtain the final library. The final library was 
amplified with phi29 to generate DNA nanoballs (DNBs), 
which included more than 300 copies of one molecule. 
The DNBs were loaded into the patterned nanoarray and 
sequenced on the BGIseq500 platform (BGI-Shenzhen, 
China), which generated 100 bp paired-end reads.

Bioinformatics processing and transcriptome data analysis
Clean reads were obtained by removing reads contain-
ing a sequencing adapter, reads with a high ratio (more 
than 20%) of low-quality bases (base quality less than or 
equal to 5), and reads with a high ratio (more than 5%) of 
unknown bases (‘N’ base) from the raw data with SOAP-
nuke (v1.5.2) [10]. The clean reads for each sample were 
aligned to the Larimichthys crocea reference genome 
using HISAT2 (v2.0.4) [11]. Gene expression levels were 
quantified in terms of the fragments per kilobase of tran-
script per million fragments mapped (FPKM) by RSEM 
(v1.2.12) [12]. Differential expression analysis was per-
formed using DESeq2 (v1.4.5) [13], with the criterion of 
a P-value ≤ 0.05 as the threshold for significance assess-
ment. To gain insight into the phenotypic changes, Gene 
Ontology (GO) and Kyoto Encyclopedia of Genes and 
Genomes (KEGG) enrichment analyses of annotated dif-
ferentially expressed genes were performed using Phyper 
based on a hypergeometric test. The significance levels of 
terms and pathways were corrected by the Q value with a 
rigorous threshold (Q value ≤ 0.05) following the Bonfer-
roni method [14].

DNA methylation library preparation and sequencing
Construction of the DNA methylation library used the 
same samples as RNA-Seq.  Libraries were prepared 
according to the following protocol. Briefly, genomic 
DNA was isolated using the DNeasy Blood & Tissue 
Kit (Qiagen, Germany). The integrity of the DNA was 

assessed using agarose gel electrophoresis. Typically, 
genomic DNA exhibits a distinct high-molecular-weight 
band. The purity and concentration of the DNA were 
measured using a Qubit® DNA Assay Kit in a Qubit® 2.0 
Fluorometer (Life Technologies, USA) and a NanoDrop 
spectrophotometer. A total of 100 ng of genomic DNA 
spiked with 0.5 ng of lambda DNA was fragmented by 
sonication to 200 ~ 300 bp with a Covaris S220 column, 
followed by end repair, 3’-adenylation and ligation with 
a methylated adapter. Subsequently, these DNA frag-
ments were treated with bisulfite using an EZ DNA 
Methylation-GoldTM Kit (Zymo Research, USA), fol-
lowed by PCR amplification to generate the library. After 
the library quality was assessed on an Agilent 2100 bio-
analyzer, paired-end sequencing of the samples was per-
formed on an Illumina NovaSeq platform (Illumina, CA, 
USA).

Methylation calculation and differentially methylated 
analysis
The raw reads were trimmed through fastp (fastp 
0.20.0) to filter out low-quality and adapter sequences. 
The remaining reads that passed all the filtering steps 
were counted as clean reads, and all subsequent analy-
ses were based on these results. These clean reads were 
subsequently mapped to the Larimichthys crocea refer-
ence genome using Bismark software (version 0.16.3) 
[15]. Alignments were performed to identify the meth-
ylated cytosines using the Bismark methylation extrac-
tor with default parameters. The numbers of methylated 
and unmethylated reads were calculated. The methyla-
tion level was defined as the number of methylated reads 
(mC) divided by the total number of methylated reads 
(mC) and unmethylated reads (umC) at the same posi-
tions in the reference genome [16]. The identification of 
differentially methylated regions (DMRs) was performed 
using DSS software [17–19]. Based on the distribution 
of DMRs throughout the genome, we defined the genes 
associated with DMRs as genes whose gene body, from 
the transcription start sites (TSS) to the transcription ter-
mination site (TES), or promoter region (upstream 2 kb 
from the TSS) overlapped with the DMRs. Finally, GO 
and KEGG enrichment analyses were conducted using 
the GOseq R package [20] and KOBAS software [21], 
respectively.

Results
Evaluation of heterosis for growth-related traits in hybrid 
yellow croaker
As shown in Fig.  1; Table  1, compared with their par-
ents, LCP hybrids exhibited significant heterosis in terms 
of body weight and body length. The mean body weight 
of the LCP hybrids (78.14 ± 20.36) was significantly 
greater than that of the LC (60.30 ± 23.66, 29.59%) and 
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LP (50.40 ± 20.69, 55.04%), and the mean body length of 
the LCP (16.50 ± 1.48%) was significantly greater than 
that of the LP (14.56 ± 1.62, 13.32%). Although there were 
no significant differences in body weight or body length 
between the LPC hybrids and their parents, their body 
weight increased by approximately 12.6% compared to 
that of the female parent LP.

Overview of multi-omics datasets
In total, we constructed 36 mRNA libraries from two dif-
ferent hybrid yellow croaker species and their parents, 
resulting in the generation of 1610.67 million raw reads. 
After performing sequence quality control and filtering, 
a total of 1543.52 million clean reads were obtained, with 
an average of 42.88 million reads per sample. The clean 
reads for all the samples were aligned to the Larimichthys 
crocea reference genome, for which the average mapping 
rate was 90.40% (ranging from 84.28 to 96.1%). Detailed 
mapping information for each sample is provided in 
Additional file 1: Table S1.1. We generated a total of 36 
WGBS datasets, as described in Additional file 1: Table 
S1.2. These datasets yielded 2,953,482,636 clean reads 
(approximately 82041184 per sample), with an average of 
48.72% of the clean reads uniquely mapped to the Lar-
imichthys crocea reference genome.

We quantified the expression levels of 52,423 tran-
scripts (21430 existing and 30993 novel) in 36 samples 
and detected a total of 353,262,075 methylated cytosines 
across these samples. The distribution of methylated 
cytosines in different region types is shown in Additional 

file 2: Table S2. Principal component analysis (PCA) of all 
36 samples based on transcription and DNA methylation 
profiles revealed consistent clustering according to tissue 
type. The correlations for biological replicates showed 
strong associations; the correlations for the same tissues 
of different species were relatively weaker, and the cor-
relations for different tissues were the weakest (Fig. 2a). 
The distributions of mRNA expression levels and DNA 
methylation levels in all 36 samples are depicted in 
Fig. 2b. Analysis of the mRNA expression levels revealed 
no significant differences among the numbers of genes 
expressed in the same tissues across different species; 
that is, the hybrid yellow croaker and its parents exhib-
ited no significant “dosage effect”.

Defining differential expression patterns of mRNAs 
between four populations
The counts of the genes expressed in the hybrid yellow 
croaker and its parents are shown in Additional file 3: 
Table S3 and Fig.  3. Furthermore, a total of 4250 DEGs 
were identified in the hybrid yellow croaker (Fig. 4; Addi-
tional file 3: Table S4). According to the literature, DEGs 
are likely related to the development of heterosis [22]. LP 
and LC served as the control groups, whereas LCP and 
LPC were the experimental groups. In comparison to 
those in the control group, we screened (P-value ≤ 0.05) 
a total of 99 (67 upregulated and 32 downregulated), 
197 (140 upregulated and 57 downregulated), 139 (91 
upregulated and 48 downregulated) and 197 (139 upreg-
ulated and 58 downregulated) DEGs in the LC_Brain 
vs. LCP_Brain, LP_Brain vs. LCP_Brain, LC_Brain vs. 
LPC_Brain and LP_Brain vs. LPC_Brain groups, respec-
tively. Similarly, 385 (277 upregulated and 108 downregu-
lated), 645 (424 upregulated and 221 downregulated), 
421 (266 upregulated and 155 downregulated) and 579 
(341 upregulated and 238 downregulated) DEGs were 
screened from the LC_Liver vs. LCP_Liver, LP_Liver 
vs. LCP_Liver, LC_Liver vs. LPC_Liver and LP_Liver 
vs. LPC_Liver groups, respectively. Additionally, 932 
(672 upregulated and 260 downregulated), 608 (443 

Table 1 Growth comparison of 12-month-old hybrid yellow 
croaker and their parents

LP LC LPC LCP
Body 
weight 
(g)

50.40 ± 20.69b 60.30 ± 23.66b 56.73 ± 17.59b 78.14 ± 20.36a

Body 
length 
(cm)

14.56 ± 1.62c 15.74 ± 2.01ab 15.20 ± 1.60bc 16.50 ± 1.48a

Different letters indicate significant differences (P < 0.05)

Fig. 1 Growth comparison of 12-month-old hybrid yellow croaker and their parents. Different letters indicate significant differences (P < 0.05)
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Fig. 4 Differentially expressed gene analysis of hybrid yellow croaker compared to their parental lines

 

Fig. 3 The number of expressed genes in the hybrid yellow croaker and its parents

 

Fig. 2 Gene expression and DNA methylation among samples. a. PCA of all 36 samples based on transcription and DNA methylation; b. The distribution 
of gene expression and DNA methylation across different samples
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upregulated and 165 downregulated), 1923 (1162 upreg-
ulated and 761 downregulated) and 966 (696 upregulated 
and 270 downregulated) DEGs were screened in the LC_
Muscle vs. LCP_Muscle, LP_Muscle vs. LCP_Muscle, 
LC_Muscle vs. LPC_Muscle and LP_Muscle vs. LPC_
Muscle groups, respectively.

The DEGs were annotated to the GO [23] and KEGG 
[24]. The DEGs in the LCP hybrid triad were classified 
into three categories: 1421 biological processes, 974 cel-
lular components, and 1407 molecular functions (Addi-
tional file 4: Fig. S1a). In contrast, the DEGs in the LPC 
hybrid triad included 2119 biological processes, 1418 
cellular components, and 2056 molecular functions 
(Additional file 4: Fig. S1b). Notably, there was a remark-
able concordance between the results of GO and KEGG 
analysis for DEGs in both LCP and LPC hybrids. In the 
biological process category, DEGs were predominantly 
enriched in “metabolic process”, “developmental process” 

and “growth”. For cellular components, most of the 
DEGs were associated with the terms “cellular anatomi-
cal entity” and “protein-containing complex”. Among 
the molecular functions, “cytoskeletal motor activity”, 
“catalytic activity”, “transcription regulator activity” 
and “translation regulator activity” were enriched. The 
results of KEGG analysis revealed significant enrich-
ment of DEGs in pathways related to “Mitophagy”, “PPAR 
signaling pathway”, “Protein processing in endoplasmic 
reticulum”, and “Cellular senescence”, as well as pathways 
related to amino acid synthesis and catabolism (Addi-
tional file 4: Fig. S1c, d).

Differentially methylated regions (DMRs) of parents and F1 
hybrid genomes
A total of 184,476 and 211,714 DMRs were identified in 
the LCP and LPC, respectively (Fig.  5a, Additional file 
5: Table S5). Different methylation contexts affect the 

Fig. 5 Characteristics of DMRs in the hybrid yellow croaker. a. The number of hyper and hypo-DMRs; b. The proportion of 3 types of mC sites within the 
DMR
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number of DMRs. Among these DMRs, 86 ~ 92% were 
in the CG context (Fig. 5b). Compared with those in the 
parental lines, 66,642 and 80,423 DMRs were hypermeth-
ylated, and 99,003 and 110,002 DMRs were hypomethyl-
ated in the CG context in the LCP and LPC populations, 
respectively. For the CHG context, 6377 (2043 hyper and 
4334 hypo) and 6936 (2223 hyper and 4713 hypo) DMRs 
were identified in the LCP and LPC, respectively. In 
addition, 12,454 (6265 hyper and 6189 hypo) and 14,353 
(7639 hyper and 6714 hypo) DMRs were identified in the 
LCP and LPC, respectively, in the CHH context.

DMRs exhibited different distributions in the genome 
(Fig. 6). To investigate the genome-wide methylation pat-
tern, we examined methylation levels in various genetic 
structural regions, including the promoter, 2  kb region 
upstream of the TSS, 5’-UTR, exon, intron, 3’-UTR, and 
2 kb region downstream of the TES. The results revealed 
that most of the DMRs were located in the promoter and 
coding regions of genes, including exons and introns, 
while their distribution in other noncoding regions was 
relatively rare. Furthermore, analysis of DMR meth-
ylation levels demonstrated a greater number of highly 
methylated DMRs in LC and LP than in LCP and LPC 
(Additional file 6: Fig. S2-4).

Comparative analysis of DNA methylation and gene 
expression between parents and F1 hybrid genomes
Integrated analysis of the overlap between the DMGs 
and DEGs was conducted at the CG, CHG, and CHH 
contexts to determine the potential relationship between 
DNA methylation and gene expression. As a result, we 
detected 9 DMEGs in the LC_Brain vs. LCP_Brain, 21 
DMEGs in the LP_Brain vs. LCP_Brain, 13 DMEGs in 
the LC_Brain vs. LPC_Brain, and 22 DMEGs in the LP_
Brain vs. LPC_Brain (Additional file 7: Fig. S5, Table S6). 
In the comparisons of LC_Liver vs. LCP_Liver, LP_Liver 
vs. LCP_Liver, LC_Liver vs. LPC_Liver, and LP_Liver vs. 
LPC_Liver, a total of 58, 158, 50, and 134 DMEGs were 
identified. Similarly, in the comparisons of LC_Muscle vs. 
LCP_Muscle, LP_Muscle vs. LCP_Muscle, LC_Muscle vs. 
LPC_Muscle, and LP_Muscle vs. LPC_Muscle, a total of 
174, 176, 464, and 281 DMEGs, respectively, were identi-
fied. After removing overlapping DMEGs, 1288 DMEGs 
were obtained for subsequent functional analysis.

GO and KEGG annotations of DMEGs
To further investigate the potential role of DNA meth-
ylation in gene regulatory networks during individual 
growth and development, we carried out GO enrichment 
analysis on the 1288 DMEGs (Fig.  7a; Additional file 8: 
Table S7.1). The results showed that 123 functional cat-
egories were annotated to cellular components, including 
ribonucleoprotein complex, cytoplasm, cytoplasmic part, 
endoplasmic reticulum, and the endomembrane system. 

405 functional categories were primarily associated with 
biological processes such as peptide metabolic process, 
oxidation‒reduction process, protein targeting, protein 
localization to endoplasmic reticulum, protein localiza-
tion to membrane, establishment of protein localization 
to membrane, and cellular amide metabolic process. 
Additionally, 267 functional categories were enriched in 
molecular function, mainly ubiquitin-protein transferase 
activity, ubiquitin-like protein transferase activity, oxido-
reductase activity, NAD or NADP as acceptor, and oxido-
reductase activity.

The enrichment of the top 20 KEGG pathways of the 
DMEGs revealed that the protein export pathway, protea-
some pathway, terpenoid backbone biosynthesis pathway, 
ubiquitin-mediated proteolysis pathway, and autoph-
agy-other pathway were significantly enriched (Fig.  7b; 
Additional file 8: Table S7.2). Based on KEGG enrich-
ment analysis, we identified five key genes associated 
with growth and development: the neuroendocrine fac-
tor stat2; the protein synthesis- and degradation-related 
genes capn2 and akt1; the appetite-related signaling 
molecule mTOR; and the muscle growth regulatory fac-
tor mef2aa. These findings underscore the crucial roles 
of DNA methylation regulation in individual growth and 
development.

Discussion
Hybridization is an effective tool for genetic improve-
ment in aquaculture, enabling the creation of hybrids 
with heterosis through the integration of genomes 
from different parental species [1]. In terms of hetero-
sis of growth traits, the improved hybrid bream (BTBB) 
derived from a hybrid lineage of M. amblycephala (♀) × 
C. alburnus (♂) exhibited a faster growth rate than did 
its male parent [25]. The average weight of 12-month-old 
WRs (white crucian carp ♀ × red crucian carp ♂) closely 
approached that of white crucian carp and significantly 
surpassed that of red crucian carp by 26.42% [26]. Simi-
larly, this type of growth heterosis was also observed in 
reciprocal crosses between Channa argus and Channa 
maculate [27]. However, it remains uncertain whether 
these hybrids can combine dominant characteristics from 
both parents. In this study, we first assessed the growth of 
12-month-old hybrid yellow croaker. The growth rate of 
LCP was 55.04% and 29.59% greater than that of pater-
nity (LP) and maternity (LC), respectively. Although no 
statistically significant difference was observed, LPC 
demonstrated an approximately 12.6% greater body 
weight gain than did the female parent LP. These findings 
indicate significant heterosis in terms of growth traits for 
both LCP and LPC hybrids, providing valuable material 
for investigating the molecular mechanisms underlying 
heterosis.
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Fig. 6 The distribution of DMRs throughout the genome
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Hybridization may contribute to the development of 
heterosis by activating or inhibiting the expression of 
certain genes in hybrids [28]. Transcriptome analysis 
revealed a high degree of similarity in the overall gene 
expression profiles between hybrids and their parental 
lines, with only a small proportion of genes exhibiting 
significantly different expression levels. These findings 
are consistent with previous studies investigating het-
erosis resulting from hybridization in mandarin fishes, 
grouper, pufferfish, and other aquaculture species [29–
31]. These DEGs provided valuable clues for elucidating 
the development of growth heterosis. After functional 
annotation and bioinformatics analysis, DEGs were 
found to be related to the following categories: “meta-
bolic process”, “developmental process”, “growth”, “cyto-
skeletal motor activity”, “transcription regulator activity” 
and “translation regulator activity”. In addition, these 
DEGs were significantly enriched in multiple pathways 
involved in “Mitophagy”, “PPAR signaling pathway”, “Pro-
tein processing in endoplasmic reticulum”, and “Cellular 
senescence”, as well as pathways related to amino acid 
synthesis and catabolism. These findings indicated that 
the screened DEGs may participate in the regulatory pro-
cesses of growth heterosis in hybrid yellow croaker.

In addition to genetic regulation, epigenetic modifica-
tions, such as DNA methylation, have been confirmed 
to play a role in the development of heterosis [9, 32, 33]. 
In our study, we observed that the total relative methyla-
tion level was lower in hybrid yellow croaker compared 
to its parental lines. These hypo-DMRs may lead to the 
activation of key growth-related genes that are sup-
pressed in the parental lines. For instance, genes involved 
in cell proliferation and growth hormone signaling path-
ways. This finding was consistent with previous studies 

on DNA methylation in other hybrid species, including 
plants and livestock, where genomic DNA hypomethyl-
ation may be associated with heterosis. Specifically, the 
role of hypo-DMRs in facilitating the expression of ben-
eficial traits has been observed in several hybrid systems. 
For example, compared with those in the small-tailed 
Han group, DNA methylation in the LDM was lower, and 
DMRs were more prone to hypomethylation in the cross-
bred group [34]. In maize hybrids, total relative meth-
ylation levels were lower than corresponding midparent 
values, and a greater number of demethylation events 
were inferred for the hybrids [35]. Similarly, “Mohe” 
hybrid tilapia displayed lower methylation levels than did 
their parental progenies [36]. These comparisons suggest 
that the epigenetic regulation of gene expression through 
DNA methylation is a conserved mechanism underly-
ing heterosis across different species. Our study provides 
new insights into the role of epigenetic modifications 
in mediating heterosis and identifies potential targets 
for improving growth performance in hybrid breeding 
programs.

In this study, we conducted a comprehensive analysis of 
DNA methylation and gene expression data and identi-
fied 1288 genes whose methylation and expression levels 
differed. The DMRs were mainly distributed in the pro-
moter, intron and exon regions of genes but were rarely 
distributed in other noncoding regions. Among the 1288 
genes obtained, 5 closely associated with growth and 
development were screened: the neuroendocrine fac-
tor stat2; the protein synthesis- and degradation-related 
genes capn2 and akt1; the appetite-related signaling mol-
ecule mTOR; and the muscle growth regulatory factor 
mef2aa. Capn2 is a member of the calpain family, and the 
calcium-activated cysteine protease m-calpain encoded 

Fig. 7 The functional annotation of DMEGs. a GO annotation of DMEGs; b KEGG pathway enrichment of DMEGs
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by it plays a pivotal role during the earlier stages of myo-
genesis, particularly during fusion [37]. Both mTOR and 
akt1 are involved in the mTOR signaling pathway. mTOR 
is a highly conserved serine-threonine kinase that plays 
a pivotal role in the regulation of feeding. It controls 
growth and development by integrating nutrient sig-
nals with hormonal signals [38]. The results of this study 
demonstrated a positive correlation between the expres-
sion levels of capn2, mTOR, and akt1 and DNA methyla-
tion levels. This finding suggested that DNA methylation 
within these regions may promote gene transcription 
and thereby participate in the growth of hybrid prog-
eny. Mef2aa, a crucial member of the myocyte enhancer 
factor family, plays an important role in the process of 
muscle genesis and regeneration [39]. Stat2, a member 
of the STAT family, exerts a significant influence on cell 
proliferation [40]. Our results showed that the expres-
sion levels of stat2 and mef2aa were negatively cor-
related with DNA methylation levels, suggesting that 
decreased DNA methylation may promote the binding 
of specific transcription factors, thereby improving tran-
scription efficiency and gene expression. According to 
the above analysis, the growth heterosis of hybrid yellow 
croakers was jointly regulated by neuroendocrine fac-
tors, protein synthesis- and degradation-related genes, 
appetite-related signaling molecules, and muscle growth 

regulatory factors (Fig.  8). However, further investiga-
tions are needed to elucidate the regulatory mechanism 
by which DNA methylation influences the expression of 
these genes and to explore the impact of these modifica-
tions on hybrid yellow croaker growth.

Conclusions
Overall, the present investigation systematically explored 
the transcriptional profile and DNA methylation patterns 
of hybrid yellow croaker and its parents. We screened 
DMEGs and were found to be closely related to growth 
heterosis. Our findings shed light on the intricate regula-
tory networks of gene expression and DNA methylation 
during growth and development. These results enrich the 
regulatory network related to growth and contribute to 
elucidating the molecular mechanisms driving heterosis. 
The implications of this study for aquaculture are signifi-
cant. By uncovering genetic and epigenetic factors con-
tributing to heterosis, these findings can be applied to 
improve breeding programs for hybrid yellow croaker 
and other commercially important fish species, poten-
tially enhancing production efficiency. Although this 
study offers a comprehensive analysis of heterosis at the 
molecular level, further research is necessary to validate 
the functional roles of the key genes identified. A limita-
tion of this study was the absence of validation for the 

Fig. 8 The pathway of DMEGs regulated growth heterosis
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differential expression of key genes identified. In future 
studies, we plan to confirm the expression patterns of 
these genes using qRT-PCR and Western blot techniques 
and verify the correlation between gene expression and 
function through functional assays. Additionally, further 
research is required to explore how environmental fac-
tors interact with genetic and epigenetic mechanisms to 
influence heterosis, as well as to investigate the potential 
of genetic modification techniques to optimize hybrid 
traits.
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