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ABSTRACT
Extrachromosomal circular DNAs (eccDNAs) play a significant role in regulating various biological processes, including abnor-
mal muscle development. The molecular functions and impact of eccDNAs in the muscle development of fish are poorly under-
stood. To investigate the potential roles of eccDNAs in the muscle development of fish, we analyzed and compared the expression 
profile of muscle eccDNAs of crisp grass carp, fed a faba bean meal-based diet, and ordinary grass carp, fed a practical diet. 
Using the Circle-seq strategy, we found the eccDNA abundance in crisp grass carp (211,920 eccDNAs) was significantly higher 
than that in ordinary grass carp (25,857 eccDNAs), suggesting that the faba bean diet likely independently influences eccDNA 
production. Compared to ordinary grass carp, crisp grass carp exhibited 10,565 upregulated and 129 downregulated eccDNAs, 
indicating eccDNAs were possibly associated with the muscle development of grass carp. GO and KEGG enrichment analyses 
indicated that the upregulated eccDNAs were related to muscle fiber development, cellular structure, and cell junctions. Based 
on our results, we speculated that the overexpression of genes involved in muscle fiber, calcium metabolism, and collagen driven 
by eccDNAs likely contributes to the observed increase in muscle fiber density, calcium levels, and collagen content in crisp grass 
carp, thereby enhancing muscle hardness. Notably, eccDNAs were identified as potential innate immunostimulants capable of 
eliciting immune responses in fish. In summary, our findings demonstrate that eccDNAs are aberrantly expressed in the muscles 
of fish fed a faba bean diet, offering novel insights into the molecular mechanisms underlying muscle hardening in fish.

1   |   Introduction

Muscle texture is a critical determinant of fish quality, directly 
influencing the production of high-quality fish products (Hyldig 
and Nielsen  2001). Understanding the molecular mechanisms 
regulating fish muscle texture could significantly advance the 
development of premium fish products and enhance profitability 
in the aquaculture industry (Elvevoll et al. 1996). Among muscle 

characteristics, hardness, or firmness, is particularly important in 
shaping consumer preferences (Veland and Torrissen 1999). Grass 
carp (Ctenopharyngodon idellus), a freshwater fish indigenous to 
China, holds significant economic importance (Xu et  al.  2020), 
with production exceeding 5.7 million tonnes in 2022, account-
ing for one-fifth of China's freshwater aquaculture output. A 
notable experiment demonstrated that feeding grass carp with 
faba bean (Vicia faba) for 90–120 days significantly improved the 
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crispness and firmness of their muscle texture (Yu et al. 2017; Hao 
et al. 2024). This led to a rise in the popularity of crisp grass carp 
in China, with its products successfully penetrating markets in 
the United States, Southeast Asia, and Latin America. Moreover, 
the diameter and density of muscle fibers have been highly cor-
related with muscle hardness (Johnston et al. 2000; Yu et al. 2017). 
Compared to ordinary grass carp, crisp grass carp exhibit re-
duced muscle fiber diameter and increased fiber density (Yu, Xie 
et al. 2014; Feng et al. 2016; Tang et al. 2024). Interestingly, while 
their immediate muscle composition (lipid, water, or protein) 
shows no significant differences (Tian et al. 2020; Hao et al. 2024; 
Ma et al. 2024), crisp grass carp display higher collagen content 
and smaller muscle fibers (Ma et al. 2020). Despite prior studies 
identifying several proteins and genes potentially linked to mus-
cle firmness, the molecular mechanisms driving increased mus-
cle hardness in crisp grass carp remain poorly understood (Yu 
et al. 2020; Fu et al. 2022; Tian et al. 2023).

Extrachromosomal circular DNAs (eccDNAs) are unique DNA 
molecules characterized by their double-stranded and circular 
architecture. They originate from genomic DNA and exist inde-
pendently of chromosomal DNA (Wang et al. 2021). Ranging in 
size from hundreds of bases to megabases, eccDNAs are preva-
lent in eukaryotes, including yeast, nematodes, fruit flies, plants, 
and mammals (Møller et al. 2016; Kumar et al. 2017). EccDNAs 
can replicate autonomously and deviate from Mendelian inheri-
tance, with their uneven distribution in daughter cells enhancing 
gene transcription efficiency compared to chromosomal DNA 
(Wu et al. 2019; Lv et al. 2024). They possess the capacity to affect 
phenotypes by adjusting the quantity of gene copies and the tran-
scription of full-length or truncated genes (Nathanson et al. 2014; 
Paulsen et al. 2018; Zhu et al. 2021). Moreover, eccDNA harboring 
regulatory elements, such as an enhancer, can regulate gene am-
plification through intramolecular interactions (Sheng et al. 2024). 
Emerging evidence suggests that eccDNAs are associated with the 
regulation of muscle development. For instance, the highest quan-
tity of eccDNAs has been found in the human muscle protein-
coding gene titin (TTN), indicating that eccDNA may aid host cells 
in carrying out their intended role (Møller et al. 2018). Similarly, 
eccDNA derived from the AGRIN gene, enriched in king pigeon 
muscle, encodes membrane proteins essential for neuromuscular 
junction development, with mutations leading to abnormal muscle 
development (Møller et al. 2020). Recently, we revealed that ec-
cDNAs involved in muscle characteristics were highly abundant 
in the muscle cells of slimming grass carp compared to those of 
ordinary grass carp, suggesting that the enriched eccDNAs might 
have an effect on the activation of muscle firmness (He et al. 2024).

Despite these findings, the role of eccDNAs in fish muscle devel-
opment remains unclear. This study aims to explore the eccDNAs 
present in the muscle of grass carp fed on faba beans, exploring 
their role in regulating fish muscle texture. The findings provide 
a foundation for improving fish fillet quality in aquaculture.

2   |   Material and Method

2.1   |   Samples Collecting and DNA Extraction

A total of 120 fish were randomly allocated into ordinary grass 
carp and crisp grass carp groups, with three replicates per 

treatment group. They were raised in six tanks (20 fish in each 
tanks) at an aquatic farm in Zhongshan, Guangdong, China. 
Grass carp fed a practical diet were referred to as ordinary 
grass carp, while those fed exclusively with faba bean (Vicia 
faba) meal were termed crisp grass carp. The composition of 
the practical diet was consistent with that used in the study by 
Gan et al. (2017). Both groups were reared under conventional 
aquaculture conditions (a water temperature of 25°C, pH = 7.0, 
and dissolved oxygen of 5 mg/L). The final weight was approx-
imately 4.5 kg for the crisp grass carp group and approximately 
5 kg for the ordinary grass carp group after three months. The 
muscle texture of ordinary grass carp is relatively soft, whereas 
that of crisp grass carp is significantly firmer and harder, allow-
ing the two to be distinguished. Three ordinary grass carp and 
three crisp grass carp were randomly selected and euthanized 
by immersion in eugenol (80 mg/L). Approximately 10 g of dor-
sal muscle tissue was excised from each sample and promptly 
cryopreserved in liquid nitrogen. The extraction of genomic 
DNA was carried out using the MagAttract HMW DNA Kit 
(QIAGEN), according to the manufacturer's instructions. We 
assessed the quality of the extracted DNA through electro-
phoresis on 1% ethidium bromide-stained agarose gels. DNA 
concentration and purity were measured using a NanoDrop 
Microvolume Spectrophotometer (Thermo Scientific).

2.2   |   Removal of Linear DNA

To enrich circular DNA, residual linear genomic DNA was re-
moved from each sample. The DNA was digested at 37°C for 
120 h using Plasmid-Safe ATP-dependent DNase (Biosearch, 
E3110K), following the manufacturer's protocol. Additional 
DNase and ATP were added every 24 h. The effectiveness of lin-
ear DNA removal was verified through PCR amplification of the 
circular DNA marker gene (COX3) and the linear DNA marker 
gene (NDL6) PCR amplification was performed with an initial 
denaturation at 94°C for 5 min, followed by 35 cycles of denatur-
ation at 94°C for 30 s, annealing at 55°C (COX3) or 62°C (NDL6) 
for 30 s, and extension at 72°C for 60 s. A final extension was 
conducted at 72°C for 5 min. The PCR products were evaluated 
via agarose gel electrophoresis. The presence of a specific COX3 
band and the absence of an NDL6 band confirmed the complete 
removal of linear genomic DNA.

2.3   |   Circular DNA Enrichment

Following linear DNA removal, circular DNA was amplified 
randomly using Phi29 polymerase and exonuclease-resistant 
random primers through rolling circle amplification (RCA). The 
RCA reaction was carried out at 30°C for 72 h. The amplified ec-
cDNA was purified using a Cycle-Pure Kit (Omega) and digested 
with NdeI (Thermo Fisher Scientific) to verify RCA results be-
fore sequencing.

2.4   |   Circular DNA Identification

The Circle-Map programme (Prada-Luengo et  al.  2019) was 
used to identify the eccDNAs. To increase accuracy, filtering 
parameters included: “(1) Circle score >=200, (2)Split-read 
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mapping>= 2, (3)Start site coverage enhancements >= 0.33, 
(4) Terminal coordinate coverage enhancements >= 0.33, (5) 
Sequencing coverage uniformity <= 0.1, and (6) Mean coverage 
>Standard deviation”. For further examination, all eccDNAs 
that met the filtering requirements were utilized.

2.5   |   EccDNA Source Region and Annotation

To analyze the genomic distribution of eccDNAs, each chromo-
some was divided into 50 kb windows, and the abundance of ec-
cDNAs within each window was quantified. A Manhattan plot 
was generated to visually represent the distribution. Protein-
coding gene sequences from the grass carp reference genome 
were utilized (Wu et al. 2022). BEDtools was employed to iden-
tify overlaps between annotated gene sequences and eccDNA 
coordinates (Quinlan 2014). Custom R scripts were utilized to 
screen annotated eccDNA genes, retaining those with overlap-
ping base pair numbers exceeding 60 for further analysis.

2.6   |   Differential Analysis of Circular DNA 
Expression

The tag count data of eccDNAs was analyzed using the edgeR 
software for differential expression analysis (Robinson et al. 2010). 
The analysis included three key steps: (1) normalization of the 
tag count; (2) computation of probability of hypothesis testing  
(p-value), depending on the model; and (3) multiple hypothesis 
testing and correction to determine the FDR value (error detection 
rate). eccDNAs with a p-value < 0.05 and |log2FC| > 1 were identi-
fied as differentially expressed based on the analysis.

2.7   |   Functional and Pathway Enrichment 
Analysis of Circular DNA-Related Genes

Differentially expressed eccDNA-related genes were subjected 
to functional enrichment analysis using Gene Set Enrichment 
Analysis (GSEA, http://​www.​gseam​sigdb.​org/​gsea/​msigdb/​
annot​ate.​jsp). Kyoto Encyclopedia of Genes and Genomes 
(KEGG) and Gene Ontology (GO) pathway enrichment analyses 
were performed to elucidate biological functions and pathways. 

Visualization of eccDNAs was carried out using IGV software 
(Version 2.4.10) (Thorvaldsdottir et al. 2013).

2.8   |   Statistical Analysis

Statistical analyses were conducted using R-4.1.2. For filtra-
tion of the over-represented eccDNAs for crisp grass carp from 
the annotated eccDNAs, the significance of eccDNAs in the 
two groups was analyzed via R-4.1.2 and assessed through 
Wilcoxon's rank-sum test p value. Results were deemed statisti-
cally significant if the p-value was less than 0.05.

3   |   Results

3.1   |   Detection of Linear DNA Removal 
and Circular DNA Enrichment

Electrophoresis results assessing the amplification of the COX3 
and NDL6 genes, used to evaluate the removal of linear genomic 
DNA, are shown in Figure 1A,B, respectively. A distinct band 
was observed for COX3, while no band was detected for NDL6, 
indicating the complete elimination of linear genomic DNA.

Figure 2A,B depict electrophoresis results following the RCA re-
action and subsequent enzyme digestion for eccDNA purification. 
The RCA reaction successfully concentrated intact eccDNAs, 
which, upon enzymatic digestion, yielded fragments of vary-
ing sizes.

3.2   |   Identification and Genomic Characteristics 
of eccDNA

Raw sequencing reads were generated using the Illumina NovaSeq 
6000 platform. Data were processed using Trimmomatic to remove 
low-quality reads (those containing ten or more unsequenced or 
low-quality bases), PCR duplicates, and adapter sequences. The 
number of clean reads obtained from the six samples (crisp grass 
carp: 1–3; ordinary grass carp: 1–3) were as follows: 119,020,284 bp, 
147,929,354 bp, 106,936,632 bp, 139,871,412 bp, 123,377,174 bp, and 
130,942,792 bp, respectively (Table  1). EccDNA detection was 

FIGURE 1    |    Electrophoresis results in the amplification of COX3 (A) and NDL6 (B) genes.

http://www.gseamsigdb.org/gsea/msigdb/annotate.jsp
http://www.gseamsigdb.org/gsea/msigdb/annotate.jsp
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performed using the Circle-Seq approach on three samples from 
each of the crisp and ordinary grass carp groups. In total, 237,777 
eccDNAs were identified, with 211,920 derived from crisp grass 
carp and 25,857 from ordinary grass carp. These results demon-
strate that eccDNAs are ubiquitous in fish muscle and are signifi-
cantly more abundant in crisp grass carp.

Analysis revealed that eccDNA lengths in grass carp muscle var-
ied widely, predominantly ranging from 100 to 600 bp, with two 
peaks at approximately 185 bp and 300 bp (Figure  3). This size 
distribution aligns with findings from previous studies on muscle 
eccDNAs (Møller et al.  2020). EccDNA sequences in grass carp 
muscle were distributed across all chromosomes. Analysis of ec-
cDNA frequency per megabase (Mb) on each chromosome showed 
that most chromosomes exhibited frequencies exceeding 75 eccD-
NAs per Mb. Notably, chromosomes 14, 16, and 23 displayed rela-
tively higher frequencies compared to others (Figure 4).

Figure 5A–Fd illustrates the analysis of GC content within the 
eccDNA regions and their 1000 bp upstream and downstream 
flanking regions. The GC content in these regions ranged from 
25% to 60%, with a peak at approximately 35%.

3.3   |   Differential Expression Profile 
and Annotation of eccDNAs

To investigate the molecular basis of fish fillet firmness, a com-
parative analysis of eccDNA expression profiles between the 

muscle tissues of crisp and ordinary grass carp was conducted. 
A total of 10,694 eccDNAs displayed differential expression be-
tween the two groups. Crisp grass carp exhibited 10,565 upreg-
ulated and 129 downregulated eccDNAs compared to ordinary 
grass carp. Annotation analysis revealed that upregulated eccD-
NAs were associated with 22,186 genes, whereas downregulated 
eccDNAs were linked to 59 genes.

3.4   |   GO and KEGG Enrichment Analysis 
of Differentially Expressed eccDNAs

GO enrichment analysis showed that genes corresponding 
to the upregulated eccDNAs were related to cellular compo-
nents (guanyl-nucleotide exchange factor activity, GTPase 
binding, and small GTPase binding and), biological processes 
(cellular and signaling response to stimulus) and molecular 
functions (membrane, cytoplasm and plasma membrane) 
(Figure  6A–C). For downregulated eccDNAs, associated 

FIGURE 2    |    Electrophoresis results in the purification of eccDNAs after RCA reaction (A)and enzyme digestion verification (B).

TABLE 1    |    Raw reads, clean reads and Q30 of samples.

Sample name Raw reads Clean reads Q30 (%)

Crisp grass carp 1 135,401,198 119,020,284 90.75

Crisp grass carp 2 169,148,422 147,929,354 90.46

Crisp grass carp 3 121,513,794 106,936,632 89.95

Common grass carp 1 157,244,712 139,871,412 91.78

Common grass carp 2 139,295,000 123,377,174 91.32

Common grass carp 3 153,561,782 130,942,792 91.82

FIGURE 3    |    The length distribution of eccDNAs in two grass carp 
groups.
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genes were enriched in biological processes (regulation of cell 
morphogenesis during differentiation, imaginal disc-derived 
wing margin morphogenesis and regulation of protein serine/
threonine kinase activity), cellular components (JUN kinase 
binding, protease binding and enzyme binding) and molecu-
lar functions (cell junction, adherens junction and anchoring 
junction) (Figure 6D,E).

Furthermore, KEGG pathway enrichment analysis identified 
383 upregulated pathways associated with differentially ex-
pressed eccDNA-related genes. These included pathways such 
as allograft rejection, type I diabetes mellitus, viral myocardi-
tis, graft-versus-host disease, herpes simplex virus 1 infection, 
autoimmune thyroid disease, measles, antigen processing and 
presentation, asthma, and the JAK–STAT signaling pathway 
(Figure  7A–B). Conversely, 96 downregulated pathways were 
identified, including human papillomavirus infection, the 

mRNA surveillance pathway, and the PI3K-Akt signaling path-
way (Figure 7C,D).

3.5   |   Analysis of Differentially Expressed 
eccDNA-Associated Genes Related to Muscle 
Hardness

Further analysis focused on differentially expressed eccDNA-
associated genes linked to muscle hardness in grass carp. Crisp 
grass carp displayed upregulated eccDNAs corresponding to 
genes implicated in muscle fiber structure, muscle development, 
cytoskeletal organization, and calcium metabolism. These in-
cluded genes encoding collagen, talin, catenin, tubulin, and 
Myosin-binding protein-C (Table 2). These candidate eccDNAs 
likely contribute to the enhanced muscle hardness observed in 
crisp grass carp.

FIGURE 4    |    The distribution of eccDNAs in different chromosomes.

FIGURE 5    |    The GC content of eccDNA in crispy grass carp (A ~ C) and common grass carp (D ~ F).
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FIGURE 6    |    GO enrichment analysis of differentially expressed eccDNA-associated genes. (A ~ C) referred to the GO enrichment analysis of up-
regulated eccDNAs in crisp grass carp, (A) Biological process, (B) Cellular component, (C) Molecular function; (D ~ F) referred to the GO enrichment 
analysis of down-regulated eccDNAs in crisp grass carp, (D) Biological process, (E) Cellular component, (F) Molecular function.
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4   |   Discussion

Muscle texture is a key determinant of fish product quality, di-
rectly influencing consumer preference and market value. A 
deeper understanding of the biological mechanisms underlying 
fish muscle texture can facilitate the development of high-value 
products and enhance profitability in the aquaculture industry. 
Crisp grass carp, produced by feeding grass carp exclusively 
with faba beans, exhibit superior muscle texture compared to 
ordinary grass carp. This enhanced textural quality includes 
increased chewiness, firmness, gumminess, shear force, and 
springiness, making crisp grass carp a premium aquaculture 
product (Chen et al. 2020). Previous research has primarily fo-
cused on understanding the mechanisms that enhance muscle 
texture in grass carp, with the goal of producing high-quality 
fish fillets. This study represents a significant advancement, as 
it is the first to compare eccDNA profiles between the muscle 
tissues of crisp and ordinary grass carp, providing valuable in-
sights for future research on fish fillet firmness.

ROS like hydrogen peroxide (H2O2) is produced by the two 
glucosidic aminopyrimidine derivatives (vicine and convicine) 
that are in abundance in faba beans (Winterbourn et al. 1986). 
Metabolomics studies report significantly elevated ROS levels 
(up to four times) in the skeletal muscle of crisp grass carp (Yu 
et al. 2020). ROS are known to play key roles in regulating muscle 
metabolism and are likely to influence muscle texture (Archile-
Contreras and Purslow  2011). However, while faba beans im-
prove muscle texture, they also hinder growth and may induce 
nutritional deficiencies and oxidative damage (Ma et al. 2020; 
Fu et al. 2022). In this study, we observed that the abundance of 
eccDNAs in crisp grass carp muscle (211,920) was significantly 
higher than in ordinary grass carp muscle (25,857). Moreover, 
10,823 differentially expressed eccDNAs were identified be-
tween crisp grass carp muscle and ordinary grass carp muscle, 
including 10,694 upregulated and 129 downregulated eccDNAs 
in the muscle of crisp grass carp. Increased oxidative stress has 
been shown to exacerbate chromosomal damage, leading to both 
double-strand breaks (DSB) and single-strand breaks (SSB), as 

FIGURE 7    |    Pathway analysis of eccDNA-associated genes. (A, B) referred to the up-regulated pathways of eccDNAs; (C, D) referred to the down-
regulated pathways of eccDNAs.
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well as promoting base oxidation (Dutta et al. 2015; Cannan and 
Pederson 2016). These processes facilitate the formation of cir-
cular DNA molecules, which may explain the higher abundance 
of eccDNAs observed in crisp grass carp. We propose that the 
elevated oxidative stress induced by faba bean feeding facilitates 
the detachment of DNA from chromosomes and its subsequent 
circularization in fish muscle.

The quality of fish meat and muscle mass is profoundly influ-
enced by two critical factors: the size and number of muscle 
fibers (Tang et al. 2024). Previous findings have demonstrated 
that muscle fibers are closely related to increased fish mus-
cle hardness, and faba bean-induced muscle growth in grass 

carp results from hyperplasia, characterized by a lifelong in-
crease in myofiber number (Johnston et  al.  2000). Myofibrils, 
the functional units of muscle fibers, primarily consist of thin 
filaments (comprising troponin proteins, actin, and tropomy-
osin), thick filaments (containing myosin proteins), titin, the  
M-line, and the Z-disk (composed of nebulin proteins and de-
smin) (Nishimura  2010). Myofibrillar proteins constitute the 
predominant protein class in skeletal muscle, accounting for 
around 60% of the total protein composition by weight (Huang 
et  al.  2012). Previous findings showed that genes associated 
with myofibroblast proliferation and cytokine production were 
upregulated at both the mRNA level and protein level in crisp 
grass carp compared to ordinary grass carp (Yu, Xie et al. 2014; 

TABLE 2    |    Differentially expressed eccDNA-associated genes involved in muscle fiber structure and development, cytoskeleton, collagen, and 
calcium metabolism of crisp grass carp.

Gene description Annotation Regulation log2FC p

Muscle fiber structure and development

Myosin heavy chain GC01Gene03301 Up 20.87947345 0.000000093

Myosin light chain GC01Gene01667 Up 20.84801687 0.0000000972

Actin, alpha GC01Gene01404 Up 21.40380748 0.0000000436

Actin-related protein GC01Gene01316 Up 10.0231253 0.010311326

Myosin binding protein GC01Gene27142 Up 20.95861459 0.000000083

Myosin binding protein C, fast type a GC01Gene04318 Up 10.32899188 0.008203815

Troponin C type 1b (slow) GC01Gene27309 Up 8.33492794 0.032969156

Tropomyosin GC01Gene03047 Up 20.84801687 0.0000000972

Nebulin repeat GC01Gene02061 Up 21.47093962 0.0000000396

Cytoskeleton

Tubulin GC01Gene01232 Up 21.40380748 0.0000000436

Catenin GC01Gene01138 Up 21.40380748 0.0000000436

Clathrin GC01Gene14416 Up 8.522483704 0.029215294

Phospholipase C GC01Gene02070 Up 21.47093962 0.0000000396

Capping protein GC01Gene07223 Up 9.169432211 0.018953284

Nexilin (F Actin binding protein) GC01Gene11576 Up 21.12714634 0.0000000652

Talin, middle domain GC01Gene13969 Up 20.84801687 0.0000000972

Talin 2a GC01Gene29803 Up 6.80371429 0.025924749

Collagen

Collagen type I alpha GC01Gene04089 Up 10.32899188 0.008203815

Collagen type II, alpha-1a GC01Gene11512 Up 21.12714634 0.0000000652

Calcium metabolism

Calreticulin GC01Gene03052 Up 20.84801687 0.0000000972

Calmodulin GC01Gene16386 Up 8.745439622 0.025237536

Cadherin-associated protein GC01Gene01138 Up 21.40380748 0.0000000436

Annexin GC01Gene00727 Up 21.12714634 0.0000000652

Protocadherin 10 GC01Gene00569 Up 21.12714634 0.0000000652

Rhomboid, veinlet-like 3 GC01Gene08395 Up 8.059328516 0.039232168
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Yu, Liu et al. 2014; Yu et al. 2017; Xu et al. 2020). Coincidentally, 
in the present study, functional enrichment analysis of the up-
regulated eccDNAs in crisp grass carp revealed significant asso-
ciations with genes related to muscle fiber structure, muscle cell 
development, and differentiation. These included genes encod-
ing capping protein, myosin, tropomyosin, talin, annexin, cat-
enin, clathrin, tubulin, and others. These findings suggest that 
the molecular regulation of muscle hardening is substantially 
influenced by upregulated eccDNAs enriched in muscle-related 
functions. The enhanced chromosomal and extrachromosomal 
gene activity, high copy number, and increased transcriptional 
activity of eccDNAs likely contribute to gene overexpression 
(Paulsen et al. 2018; Zhu et al. 2021). Therefore, it is plausible 
that the overexpression of muscle fiber-associated genes driven 
by eccDNAs contributes to increased muscle fiber density, 
thereby enhancing muscle hardness.

Additionally, crisp grass carp muscle contains higher collagen 
(Ma et  al.  2020; Tang et  al.  2024). Notably, compared to ordi-
nary grass carp muscle, the eccDNAs of type I and type II colla-
gen genes were significantly more abundant in crisp grass carp 
muscle, aligning with this observation. Interestingly, previous 
studies have shown that collagen genes were highly expressed at 
both the mRNA level and protein level in crisp grass carp mus-
cle (Yu, Xie et al. 2014; Yu, Liu et al. 2014; Yu et al. 2017). In 
grass carp-fed faba beans, genes encoding type I and type II col-
lagen appear to play a pivotal role in muscle hardening (Yu, Xie 
et al. 2014; Yu, Liu et al. 2014). These findings indicate that the 
increased skeletal muscle firmness in crisp grass carp is likely 
attributable to the elevated eccDNA levels of collagen genes.

The density of filamentous myosin is known to be upregulated by 
calcium (Herrera et al. 2002). Moreover, increased filamentous 
myosin density has been linked to increased muscle firmness 
(Hatae et  al.  1990). Notably, previous studies reported higher 
filamentous myosin density and elevated calcium content (Liu 
et al. 2011) in crisp grass carp compared to ordinary grass carp, 
which helps elucidate the mechanism underlying the increased 
muscle firmness observed in crisp grass carp (Lin et al. 2009). 
Additionally, numerous genes associated with calcium metab-
olism, such as cadherin protein (Cad), calreticulin (CRT) and 
calmodulin (CaM), were upregulated at both the mRNA level 
and protein level in crisp grass carp (Yu, Xie et al. 2014; Yu, Liu 
et al. 2014; Yu et al. 2017). Additionally, the eccDNAs of CRT 
and CaM were abundant in the muscle cell of slimming grass 
carp (He et al. 2024). Consistently, eccDNAs of CRT, CaM, and 
Cad were also upregulated in crisp grass carp, indicating that 
the eccDNA of calcium-dependent protein genes partially con-
tribute to the elevated calcium levels, which contribute to in-
creased muscle firmness.

Recent studies revealed that eccDNA is a potent innate immu-
nostimulant, with a strong ability to induce cytokine production 
(Wang et al. 2021; Zuo et al. 2022). Purified eccDNAs or synthetic 
circular DNA exhibit much stronger immunostimulatory effects 
compared to their linear counterparts, significantly enhancing 
the expression of immune-related genes (Wang et  al.  2021). In 
line with this, our analysis revealed that the majority of upregu-
lated eccDNA-related genes in crisp grass carp were enriched in 
immune-related classes, including allograft rejection, type I di-
abetes mellitus, graft-versus-host disease, JAK–STAT signaling 

pathway, and viral myocarditis. These pathways are closely related 
to immune-mediated diseases, inflammation, immune response, 
oxidative stress, cell apoptosis, and autophagy (Seif et  al.  2017; 
Abboud et al. 2020; Eizirik et al. 2020; Lasrado and Reddy 2020), 
indicating that eccDNA may play a role in triggering immune 
responses in fish. If future studies confirm this hypothesis, the 
eccDNAs identified in this study could provide a foundation for 
developing fish vaccines and immunotherapeutic strategies.

5   |   Conclusions

In conclusion, using the Circle-seq strategy and rigorous pipe-
line analysis, we generated a new and basic eccDNA database 
for the molecular regulation of fish muscle firmness. During 
the increase in muscle firmness, a total of 10,757 eccDNAs 
were found to be differentially expressed in crisp grass carp 
compared to ordinary grass carp. These eccDNAs were mainly 
enriched in functional groups that played key roles in the molec-
ular regulation of muscle hardening. EccDNA may also function 
as a regulatory elements that regulate gene amplification and 
expression. Future studies should focus on illuminating the mo-
lecular mechanisms by which eccDNAs influence muscle firm-
ness and investigating their potential to improve muscle texture 
in cultured fish.

Author Contributions

Kai Zhang: formal analysis (lead), funding acquisition (lead), investi-
gation (lead), methodology (lead), visualization (lead), writing – original 
draft (lead), writing – review and editing (lead). Jianchao Chen: data 
curation (equal), investigation (equal), methodology (equal). Haobin 
He: data curation (equal), investigation (equal). Binwei Duan: data 
curation (equal), investigation (equal), methodology (equal). Canbei 
You: data curation (equal), investigation (equal), methodology (equal). 
Zehua Hu: data curation (equal), investigation (equal). Linhao Cai: 
data curation (equal), investigation (equal). Xi Xiang: supervision 
(lead), writing – review and editing (lead). Rishen Liang: funding ac-
quisition (lead), supervision (lead), writing – review and editing (lead).

Acknowledgments

We are grateful to the Scientific Research Center, The Seventh Affiliated 
Hospital of Sun Yat-sen University, for providing the facilities in the 
laboratory.

Conflicts of Interest

The authors declare no conflicts of interest.

Data Availability Statement

The study data are available in the article.

References

Abboud, R., J. Choi, P. Ruminski, et al. 2020. “Insights Into the Role 
of the JAK/STAT Signaling Pathway in Graft-Versus-Host Disease.” 
Therapeutic Advances in Hematology 11: 2040620720914489. https://​
doi.​org/​10.​1177/​20406​20720​914489.

Archile-Contreras, A. C., and P. P. Purslow. 2011. “Oxidative Stress May 
Affect Meat Quality by Interfering With Collagen Turnover by Muscle 
Fibroblasts.” Food Research International 44, no. 2: 582–588. https://​doi.​
org/​10.​1016/j.​foodr​es.​2010.​12.​002.

https://doi.org/10.1177/2040620720914489
https://doi.org/10.1177/2040620720914489
https://doi.org/10.1016/j.foodres.2010.12.002
https://doi.org/10.1016/j.foodres.2010.12.002


10 of 11 Food Science & Nutrition, 2025

Cannan, W. J., and D. S. Pederson. 2016. “Mechanisms and 
Consequences of Double-Strand DNA Break Formation in Chromatin.” 
Journal of Cellular Physiology 231, no. 1: 3–14. https://​doi.​org/​10.​1002/​
jcp.​25048​.

Chen, L. J., J. Liu, G. Kaneko, et al. 2020. “Quantitative Phosphoproteomic 
Analysis of Soft and Firm Grass Carp Muscle.” Food Chemistry 303: 
125367. https://​doi.​org/​10.​1016/j.​foodc​hem.​2019.​125367.

Dutta, A., C. Yang, S. Sengupta, S. Mitra, and M. L. Hegde. 2015. “New 
Paradigms in the Repair of Oxidative Damage in Human Genome: 
Mechanisms Ensuring Repair of Mutagenic Base Lesions During 
Replication and Involvement of Accessory Proteins.” Cellular and 
Molecular Life Sciences 72, no. 9: 1679–1698. https://​doi.​org/​10.​1007/​
s0001​8-​014-​1820-​z.

Eizirik, D. L., L. Pasquali, and M. Cnop. 2020. “Pancreatic β-Cells in 
Type 1 and Type 2 Diabetes Mellitus: Different Pathways to Failure.” 
Nature Reviews Endocrinology 16, no. 7: 349–362. https://​doi.​org/​10.​
1038/​s4157​4-​020-​0355-​7.

Elvevoll, E. O., N. K. Sorensen, B. Osterud, et al. 1996. “Processing of 
Marine Foods.” Meat Science 43: 265–275. https://​doi.​org/​10.​1016/​0309-​
1740(96)​00071​-​X.

Feng, J., W. Lin, L. Li, et al. 2016. “Advances in Effects of Broad Bean 
on Crispness in Fish.” Science and Technology of Food Industry 14: 395–
399. https://​doi.​org/​10.​13386/​j.​issn1​002-​0306.​2016.​14.​070.

Fu, B., J. Xie, G. Kaneko, et al. 2022. “MicroRNA-Dependent Regulation 
of Targeted mRNAs for Improved Muscle Texture in Crisp Grass Carp 
Fed With Broad Bean.” Food Research International 155: 111071. https://​
doi.​org/​10.​1016/j.​foodr​es.​2022.​111071.

Gan, L., X. X. Li, Q. Pan, S. L. Wu, T. Feng, and H. Ye. 2017. “Effects 
of Replacing Soybean Meal With Faba Bean Meal on Growth, 
Feed Utilization and Antioxidant Status of Juvenile Grass Carp, 
Ctenopharyngodon idella.” Aquaculture Nutrition 23: 192–200. https://​
doi.​org/​10.​1111/​anu.​12380​.

Hao, M., L. Yi, W. Cheng, J. Zhu, and S. Zhao. 2024. “Lipidomics 
Analysis Reveals New Insights Into Crisp Grass Carp Associated With 
Meat Texture.” Heliyon 10, no. 11: e32179. https://​doi.​org/​10.​1016/j.​heliy​
on.​2024.​e32179.

Hatae, K., F. Yoshimatsu, and J. J. Matsumoto. 1990. “Role of Muscle-
Fibers in Contributing Firmness of Cooked Fish.” Journal of Food 
Science 55, no. 3: 693–696. https://​doi.​org/​10.​1111/j.​1365-​2621.​1990.​
tb052​08.​x.

He, H., Z. Gao, Z. Hu, et al. 2024. “Identification and Characterization 
of Extrachromosomal Circular DNA in Slimming Grass Carp.” 
Biomolecules 14, no. 9: 1045. https://​doi.​org/​10.​3390/​biom1​4091045.

Herrera, A. M., K. H. Kuo, and C. Y. Seow. 2002. “Influence of Calcium 
on Myosin Thick Filament Formation in Intact Airway Smooth Muscle.” 
American Journal of Physiology-Cell Physiology 282, no. 2: C310–C316. 
https://​doi.​org/​10.​1152/​ajpce​ll.​00390.​2001.

Huang, H., M. R. Larsen, and R. Lametsch. 2012. “Changes in 
Phosphorylation of Myofibrillar Proteins During Postmortem 
Development of Porcine Muscle.” Food Chemistry 134, no. 4: 1999–2006. 
https://​doi.​org/​10.​1016/j.​foodc​hem.​2012.​03.​132.

Hyldig, G., and D. Nielsen. 2001. “A Review of Sensory and Instrumental 
Methods Used to Evaluate the Texture of Fish Muscle.” Journal of 
Texture Studies 32, no. 3: 219–242. https://​doi.​org/​10.​1111/j.​1745-​4603.​
2001.​tb010​45.​x.

Johnston, I. A., R. Alderson, C. Sandham, et  al. 2000. “Muscle Fibre 
Density in Relation to the Colour and Texture of Smoked Atlantic 
Salmon (Salmo salar L.).” Aquaculture 189: 335–349. https://​doi.​org/​10.​
1016/​S0044​-​8486(00)​00373​-​2.

Kumar, P., L. W. Dillon, Y. Shibata, A. A. Jazaeri, D. R. Jones, and A. 
Dutta. 2017. “Normal and Cancerous Tissues Release Extrachromosomal 
Circular DNA (eccDNA) Into the Circulation.” Molecular Cancer 

Research 15, no. 9: 1197–1205. https://​doi.​org/​10.​1158/​1541-​7786.​
Mcr-​17-​0095.

Lasrado, N., and J. Reddy. 2020. “An Overview of the Immune 
Mechanisms of Viral Myocarditis.” Reviews in Medical Virology 30, no. 
6: 1–14. https://​doi.​org/​10.​1002/​rmv.​2131.

Lin, W. L., Q. X. Zeng, and Z. W. Zhu. 2009. “Different Changes in 
Mastication Between Crisp Grass Carp (Ctenopharyngodon Idellus 
C.Et V) and Grass Carp (Ctenopharyngodon Idellus) After Heating: The 
Relationship Between Texture and Ultrastructure in Muscle Tissue.” 
Food Research International 42, no. 2: 271–278. https://​doi.​org/​10.​
1016/j.​foodr​es.​2008.​11.​005.

Liu, B., G. Wang, E. Yu, et  al. 2011. “Comparison and Evaluation of 
Nutrition Composition in Muscle of Grass Carp Ctenopharyngodon 
Idellus Fed With Broad Bean and Common Compound Feed.” South 
China Fisheries Science 7: 58–65. https://​doi.​org/​10.​3969/j.​issn.​2095-​
0780.​2011.​06.​010.

Lv, W., X. Pan, P. Han, et al. 2024. “Extrachromosomal Circular DNA 
Orchestrates Genome Heterogeneity in Urothelial Bladder Carcinoma.” 
Theranostics 14, no. 13: 5102–5122. https://​doi.​org/​10.​7150/​thno.​99563​.

Ma, L. L., G. Kaneko, X. J. Wang, et  al. 2020. “Effects of Four Faba 
Bean Extracts on Growth Parameters, Textural Quality, Oxidative 
Responses, and Gut Characteristics in Grass Carp.” Aquaculture 516: 
734620. https://​doi.​org/​10.​1016/j.​aquac​ulture.​2019.​734620.

Ma, Y. L., X. Q. Zhou, P. Wu, et  al. 2024. “New Sight in Arginine-
Improved Flesh Quality: Role of MRFs, Cyclins, and WNT Signaling 
in Grass Carp (Ctenopharyngodon Idellus).” Aquaculture 585: 740706. 
https://​doi.​org/​10.​1016/j.​aquac​ulture.​2024.​740706.

Møller, H. D., R. K. Bojsen, C. Tachibana, L. Parsons, D. Botstein, and 
B. Regenberg. 2016. “Genome-Wide Purification of Extrachromosomal 
Circular DNA From Eukaryotic Cells.” Jove-Journal of Visualized 
Experiments 110: e54239. https://​doi.​org/​10.​3791/​54239​.

Møller, H. D., M. Mohiyuddin, I. Prada-Luengo, et al. 2018. “Circular 
DNA Elements of Chromosomal Origin Are Common in Healthy 
Human Somatic Tissue.” Nature Communications 9: 1609. https://​doi.​
org/​10.​1038/​s4146​7-​018-​03369​-​8.

Møller, H. D., J. Ramos-Madrigal, I. Prada-Luengo, M. T. P. Gilbert, 
and B. Regenberg. 2020. “Near-Random Distribution of Chromosome-
Derived Circular DNA in the Condensed Genome of Pigeons and the 
Larger, More Repeat-Rich Human Genome.” Genome Biology and 
Evolution 12, no. 2: 3762–3777. https://​doi.​org/​10.​1093/​gbe/​evz281.

Nathanson, D. A., B. Gini, J. Mottahedeh, et al. 2014. “Targeted Therapy 
Resistance Mediated by Dynamic Regulation of Extrachromosomal 
Mutant EGFR DNA.” Science 343, no. 6166: 72–76. https://​doi.​org/​10.​
1126/​scien​ce.​1241328.

Nishimura, T. 2010. “The Role of Intramuscular Connective Tissue in 
Meat Texture.” Animal Science Journal 81, no. 1: 21–27. https://​doi.​org/​
10.​1111/j.​1740-​0929.​2009.​00696.​x.

Paulsen, T., P. Kumar, M. M. Koseoglu, and A. Dutta. 2018. “Discoveries 
of Extrachromosomal Circles of DNA in Normal and Tumor Cells.” 
Trends in Genetics 34, no. 4: 270–278. https://​doi.​org/​10.​1016/j.​tig.​2017.​
12.​010.

Prada-Luengo, I., A. Krogh, L. Maretty, and B. Regenberg. 2019. 
“Sensitive Detection of Circular DNAs at Single-Nucleotide Resolution 
Using Guided Realignment of Partially Aligned Reads.” BMC 
Bioinformatics 20, no. 1: 663. https://​doi.​org/​10.​1186/​s1285​9-​019-​3160-​3.

Quinlan, A. R. 2014. “BEDTools: The Swiss-Army Tool for Genome 
Feature Analysis.” Current Protocols in Bioinformatics 47: 11–12. https://​
doi.​org/​10.​1002/​04712​50953.​bi111​2s47.

Robinson, M. D., D. J. McCarthy, and G. K. Smyth. 2010. “edgeR: A 
Bioconductor Package for Differential Expression Analysis of Digital 
Gene Expression Data.” Bioinformatics 26, no. 1: 139–140. https://​doi.​
org/​10.​1093/​bioin​forma​tics/​btp616.

https://doi.org/10.1002/jcp.25048
https://doi.org/10.1002/jcp.25048
https://doi.org/10.1016/j.foodchem.2019.125367
https://doi.org/10.1007/s00018-014-1820-z
https://doi.org/10.1007/s00018-014-1820-z
https://doi.org/10.1038/s41574-020-0355-7
https://doi.org/10.1038/s41574-020-0355-7
https://doi.org/10.1016/0309-1740(96)00071-X
https://doi.org/10.1016/0309-1740(96)00071-X
https://doi.org/10.13386/j.issn1002-0306.2016.14.070
https://doi.org/10.1016/j.foodres.2022.111071
https://doi.org/10.1016/j.foodres.2022.111071
https://doi.org/10.1111/anu.12380
https://doi.org/10.1111/anu.12380
https://doi.org/10.1016/j.heliyon.2024.e32179
https://doi.org/10.1016/j.heliyon.2024.e32179
https://doi.org/10.1111/j.1365-2621.1990.tb05208.x
https://doi.org/10.1111/j.1365-2621.1990.tb05208.x
https://doi.org/10.3390/biom14091045
https://doi.org/10.1152/ajpcell.00390.2001
https://doi.org/10.1016/j.foodchem.2012.03.132
https://doi.org/10.1111/j.1745-4603.2001.tb01045.x
https://doi.org/10.1111/j.1745-4603.2001.tb01045.x
https://doi.org/10.1016/S0044-8486(00)00373-2
https://doi.org/10.1016/S0044-8486(00)00373-2
https://doi.org/10.1158/1541-7786.Mcr-17-0095
https://doi.org/10.1158/1541-7786.Mcr-17-0095
https://doi.org/10.1002/rmv.2131
https://doi.org/10.1016/j.foodres.2008.11.005
https://doi.org/10.1016/j.foodres.2008.11.005
https://doi.org/10.3969/j.issn.2095-0780.2011.06.010
https://doi.org/10.3969/j.issn.2095-0780.2011.06.010
https://doi.org/10.7150/thno.99563
https://doi.org/10.1016/j.aquaculture.2019.734620
https://doi.org/10.1016/j.aquaculture.2024.740706
https://doi.org/10.3791/54239
https://doi.org/10.1038/s41467-018-03369-8
https://doi.org/10.1038/s41467-018-03369-8
https://doi.org/10.1093/gbe/evz281
https://doi.org/10.1126/science.1241328
https://doi.org/10.1126/science.1241328
https://doi.org/10.1111/j.1740-0929.2009.00696.x
https://doi.org/10.1111/j.1740-0929.2009.00696.x
https://doi.org/10.1016/j.tig.2017.12.010
https://doi.org/10.1016/j.tig.2017.12.010
https://doi.org/10.1186/s12859-019-3160-3
https://doi.org/10.1002/0471250953.bi1112s47
https://doi.org/10.1002/0471250953.bi1112s47
https://doi.org/10.1093/bioinformatics/btp616
https://doi.org/10.1093/bioinformatics/btp616


11 of 11

Seif, F., M. Khoshmirsafa, H. Aazami, M. Mohsenzadegan, G. Sedighi, 
and M. Bahar. 2017. “The Role of JAK-STAT Signaling Pathway and 
Its Regulators in the Fate of T Helper Cells.” Cell Communication and 
Signaling 15: 1–13. https://​doi.​org/​10.​1186/​s1296​4-​017-​0177-​y.

Sheng, Z., X. Wang, Y. Zheng, et  al. 2024. “Genome-Wide 
Characterization of Extrachromosomal Circular DNA in Breast Cancer 
and Its Potential Role in Carcinogenesis and Cancer Progression.” Cell 
Reports 43, no. 11: 114845. https://​doi.​org/​10.​1016/j.​celrep.​2024.​114845.

Tang, M., T. Shao, L. Ma, et  al. 2024. “Textural Dynamic Crisping 
Mechanism of Crisp Grass Carp: Oxidative Stress, Apoptosis, Collagen 
Filling, and Cross-Linking.” Food Frontiers 5, no. 2: 789–801. https://​
doi.​org/​10.​1002/​fft2.​354.

Thorvaldsdottir, H., J. T. Robinson, and J. P. Mesirov. 2013. “Integrative 
Genomics Viewer (IGV): High-Performance Genomics Data 
Visualization and Exploration.” Briefings in Bioinformatics 14, no. 2: 
178–192. https://​doi.​org/​10.​1093/​bib/​bbs017.

Tian, J. J., B. Fu, E. M. Yu, et al. 2020. “Feeding Faba Beans (Vicia faba L.) 
Reduces Myocyte Metabolic Activity in Grass Carp (Ctenopharyngodon 
Idellus).” Frontiers in Physiology 11: 391. https://​doi.​org/​10.​3389/​fphys.​
2020.​00391​.

Tian, J. J., M. M. Ji, J. Liu, et  al. 2023. “N-Glycosylomic Analysis 
Provides New Insight Into the Molecular Mechanism of Firmness of 
Fish Fillet.” Food Chemistry 424: 136417. https://​doi.​org/​10.​1016/j.​foodc​
hem.​2023.​136417.

Veland, J. O., and O. J. Torrissen. 1999. “The Texture of Atlantic 
Salmon (Salmo salar) Muscle as Measured Instrumentally Using TPA 
and Warner–Brazler Shear Test.” Journal of the Science of Food and 
Agriculture 79, no. 12: 1737–1746. https://​doi.​org/​10.​1002/​(Sici)​1097-​
0010(199909)​79:​12<​1737::​Aid-​Jsfa4​32>​3.0.​Co;​2-​Y.

Wang, Y., M. Wang, M. N. Djekidel, et al. 2021. “eccDNAs Are Apoptotic 
Products With High Innate Immunostimulatory Activity.” Nature 599, 
no. 7884: 308–314. https://​doi.​org/​10.​1038/​s4158​6-​021-​04009​-​w.

Winterbourn, C. C., U. Benatti, and A. De Flora. 1986. “Contributions 
of Superoxide, Hydrogen Peroxide, and Transition Metal Ions to Auto-
Oxidation of the Favism-Inducing Pyrimidine Aglycone, Divicine, and 
Its Reactions With Haemoglobin.” Biochemical Pharmacology 35, no. 
12: 2009–2015. https://​doi.​org/​10.​1016/​0006-​2952(86)​90734​-​3.

Wu, C. S., Z. Y. Ma, G. D. Zheng, S. M. Zou, X. J. Zhang, and Y. 
A. Zhang. 2022. “Chromosome-Level Genome Assembly of Grass 
Carp (Ctenopharyngodon idella) Provides Insights Into Its Genome 
Evolution.” BMC Genomics 23: 271. https://​doi.​org/​10.​1186/​s1286​4-​022-​
08503​-​x.

Wu, S. H., K. M. Turner, N. Nguyen, et  al. 2019. “Circular ecDNA 
Promotes Accessible Chromatin and High Oncogene Expression.” 
Nature 575, no. 7784: 699–703. https://​doi.​org/​10.​1038/​s4158​
6-​019-​1763-​5.

Xu, W. H., H. H. Guo, S. J. Chen, et al. 2020. “Transcriptome Analysis 
Revealed Changes of Multiple Genes Involved in Muscle Hardness in 
Grass Carp (Ctenopharyngodon Idellus) Fed With Faba Bean Meal.” 
Food Chemistry 314: 126205. https://​doi.​org/​10.​1016/j.​foodc​hem.​2020.​
126205.

Yu, E., J. Xie, G. Wang, et al. 2014. “Gene Expression Profiling of Grass 
Carp (Ctenopharyngodon Idellus) and Crisp Grass Carp.” International 
Journal of Genomics 2014: 639687. https://​doi.​org/​10.​1155/​2014/​639687.

Yu, E. M., B. Fu, G. J. Wang, et al. 2020. “Proteomic and Metabolomic 
Basis for Improved Textural Quality in Crisp Grass Carp 
(Ctenopharyngodon Idellus C.Et V) Fed With a Natural Dietary Pro-
Oxidant.” Food Chemistry 325: 126906. https://​doi.​org/​10.​1016/j.​foodc​
hem.​2020.​126906.

Yu, E. M., B. H. Liu, G. J. Wang, et al. 2014. “Molecular Cloning of Type 
I Collagen cDNA and Nutritional Regulation of Type I Collagen mRNA 
Expression in Grass Carp.” Journal of Animal Physiology and Animal 
Nutrition 98, no. 4: 755–765. https://​doi.​org/​10.​1111/​jpn.​12132​.

Yu, E. M., H. F. Zhang, Z. F. Li, et  al. 2017. “Proteomic Signature of 
Muscle Fibre Hyperplasia in Response to Faba Bean Intake in Grass 
Carp.” Scientific Reports 7: 45950. https://​doi.​org/​10.​1038/​srep4​5950.

Yu, E. M., J. Xie, B. G. Lu, et  al. 2014. “Microstructure of Muscles 
Between Crisp Grass Carp and Common Grass Carp.” Journal of 
Southern Agriculture 45: 671–675. https://​www.​cabid​igita​llibr​ary.​org/​
doi/​full/​10.​5555/​20143​395615.

Zhu, Y., A. D. Gujar, C.-H. Wong, et  al. 2021. “Oncogenic 
Extrachromosomal DNA Functions as Mobile Enhancers to Globally 
Amplify Chromosomal Transcription.” Cancer Cell 39, no. 5: 694–707. 
https://​doi.​org/​10.​1016/j.​ccell.​2021.​03.​006.

Zuo, S., Y. Yi, C. Wang, et al. 2022. “Extrachromosomal Circular DNA 
(eccDNA): From Chaos to Function.” Frontiers in Cell and Developmental 
Biology 9: 792555. https://​doi.​org/​10.​3389/​fcell.​2021.​792555.

https://doi.org/10.1186/s12964-017-0177-y
https://doi.org/10.1016/j.celrep.2024.114845
https://doi.org/10.1002/fft2.354
https://doi.org/10.1002/fft2.354
https://doi.org/10.1093/bib/bbs017
https://doi.org/10.3389/fphys.2020.00391
https://doi.org/10.3389/fphys.2020.00391
https://doi.org/10.1016/j.foodchem.2023.136417
https://doi.org/10.1016/j.foodchem.2023.136417
https://doi.org/10.1002/(Sici)1097-0010(199909)79:12%3C1737::Aid-Jsfa432%3E3.0.Co;2-Y
https://doi.org/10.1002/(Sici)1097-0010(199909)79:12%3C1737::Aid-Jsfa432%3E3.0.Co;2-Y
https://doi.org/10.1038/s41586-021-04009-w
https://doi.org/10.1016/0006-2952(86)90734-3
https://doi.org/10.1186/s12864-022-08503-x
https://doi.org/10.1186/s12864-022-08503-x
https://doi.org/10.1038/s41586-019-1763-5
https://doi.org/10.1038/s41586-019-1763-5
https://doi.org/10.1016/j.foodchem.2020.126205
https://doi.org/10.1016/j.foodchem.2020.126205
https://doi.org/10.1155/2014/639687
https://doi.org/10.1016/j.foodchem.2020.126906
https://doi.org/10.1016/j.foodchem.2020.126906
https://doi.org/10.1111/jpn.12132
https://doi.org/10.1038/srep45950
https://www.cabidigitallibrary.org/doi/full/10.5555/20143395615
https://www.cabidigitallibrary.org/doi/full/10.5555/20143395615
https://doi.org/10.1016/j.ccell.2021.03.006
https://doi.org/10.3389/fcell.2021.792555

	EccDNA Analysis Provides Novel Insights Into the Molecular Mechanism of Firmness of Fish Fillet
	ABSTRACT
	1   |   Introduction
	2   |   Material and Method
	2.1   |   Samples Collecting and DNA Extraction
	2.2   |   Removal of Linear DNA
	2.3   |   Circular DNA Enrichment
	2.4   |   Circular DNA Identification
	2.5   |   EccDNA Source Region and Annotation
	2.6   |   Differential Analysis of Circular DNA Expression
	2.7   |   Functional and Pathway Enrichment Analysis of Circular DNA-Related Genes
	2.8   |   Statistical Analysis

	3   |   Results
	3.1   |   Detection of Linear DNA Removal and Circular DNA Enrichment
	3.2   |   Identification and Genomic Characteristics of eccDNA
	3.3   |   Differential Expression Profile and Annotation of eccDNAs
	3.4   |   GO and KEGG Enrichment Analysis of Differentially Expressed eccDNAs
	3.5   |   Analysis of Differentially Expressed eccDNA-Associated Genes Related to Muscle Hardness

	4   |   Discussion
	5   |   Conclusions
	Author Contributions
	Acknowledgments
	Conflicts of Interest
	Data Availability Statement
	References


