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ARTICLE INFO ABSTRACT

Keywords: Distant hybridization usually results in heterosis. In previous studies, we obtained an improved fish (WR-II, 2n =
Distant hybridization 100) with rapid growth through distant hybridization. To investigate the molecular mechanisms underlying the
Growth

rapid growth of WR-II, the intestinal structure, microbiome and metabolome of the gut and the transcriptome of
muscle were compared between WR-II and its parents (WCC and RCC, 2n = 100). The results revealed that WR-IT
had more intestinal folds, and the height, width and goblet cell density of the intestinal folds were greater than
those of its parents. The absolute abundances of the probiotics Ralstonia and Salinivibrio were significantly greater
in WR-II than in the parents (p < 0.05), and the probiotic Cupriavidus was found in only WR-II. A total of 481 and
718 differentially abundant metabolites (DMs) were identified in WR-II vs. WCC and WR-II vs. RCC, respectively.
These DMs were enriched mainly in pathways related to metabolism, protein synthesis and development, such as
fumaric acid, sphingosine, betaine and 5-adenylic acid (AMP). A total of 5680 and 11,795 differentially
expressed genes (DEGs) were identified in WR-II vs. WCC and WR-II vs. RCC, respectively. These DEGs were
enriched mainly in pathways related to protein synthesis and substance metabolism. Growth-related genes such
as irs1, irs2, foxol, igflr, and akt were upregulated in WR-II. Multi-omics analysis revealed that Salinivibrio can
promote the level of AMP, which then regulates the expression of irs1 and foxol, thus promoting the growth of
WR-IL. This study revealed the mechanism of rapid growth of WR-II from the probiotics, metabolites and genes,
which provides evidence for the molecular mechanism of heterosis.

Gut microbiota
Multi-omics analysis

1. Introduction Several factors influence fish growth, and research on the regulatory
mechanisms of hybrid fish growth has focused mainly on molecular

The practice of aquaculture is important in addressing the dual mechanisms (Xu et al., 2019), hormone levels (Fuentes et al., 2013), and

challenges of declining fish stocks in natural waters and the growing
demand for fish products (Blanchard et al., 2017; Hu et al., 2021).
Currently, most farmed fish take a long time to reach a commercially
viable size, so it is particularly important to breed new varieties of
aquatic animals that grow quickly. Distant hybridization is widely used
in fish genetic breeding, as it integrates the genomes of both parents,
leading to changes in the genotype and phenotype of the offspring (Liu
etal., 2018; Liu, 2010; Liu et al., 2016). The offspring of hybrids usually
exhibit heterosis, particularly in terms of improved growth rates and
increased resistance to disease (Guo et al., 2018; Li et al., 2022).
Currently, many hybrid fish with good growth performance are widely
used in aquaculture and have considerable economic benefits (Gong
et al., 2022; Gong et al., 2021; Liu et al., 2019; Wang et al., 2020).

* Corresponding authors.

environmental factors (Reinecke, 2010). However, studies on the role of
the gut in fish growth performance remain relatively rare.

The gut is the largest surface of fish that faces the external envi-
ronment (Schug et al., 2019). It is in direct contact with symbiotic mi-
croorganisms and nutrients in the diet and plays an important role in the
digestion and absorption of substances and the promotion of host
growth (Chen et al., 2023; Su et al., 2021b). Research has demonstrated
that intestinal folds significantly enhance the surface area, thereby
facilitating the digestion and absorption of nutrients. Furthermore, the
number of folds is positively associated with the quantity of intestinal
epithelial cells. An increase in the number of folds correlates with
improved digestive and absorptive capacity (Li et al., 2013; Morrison
and Wright, 1999). In recent years, it has become evident that the gut
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microbiota is essential for host growth, development, and reproduction
(Chen et al., 2023; Lozupone et al., 2012). Fish are exposed to millions of
microorganisms in water, and the composition of the gut microbiota can
vary greatly between species (Larsen, 2014; Minich et al., 2020).
Furthermore, the gut microbiota primarily utilize dietary substrates that
are not digested by enzymes, as well as endogenous secretions, to syn-
thesize various metabolites (Rohr et al., 2020; Roques et al., 2020).
Research has shown that microbial metabolites, such as short-chain fatty
acids (SCFAs), phenolic compounds, bile acids, and conjugated linoleic
acid, can improve muscle glucose homeostasis, energy expenditure,
protein synthesis, and physiological functions by regulating gut
permeability and directly or indirectly targeting skeletal muscle (Neis
et al., 2015; Rowland et al., 2018). Many studies have confirmed the
existence of the gut-brain axis, gut-liver axis, and gut-skin axis in fish
(Fu et al., 2024; Liu et al., 2024; Polakof et al., 2011). The functionality
of these pathways is related to the regulation of energy metabolism by
the gut microbiota (Ma et al., 2020; Ma and Ma, 2019). Additionally,
there is sufficient evidence to support the existence of the gut-muscle
axis, although related research in fish is still limited (Grosicki et al.,
2018). Lahiri et al. reported that germ-free mice presented a certain
degree of skeletal muscle atrophy, with decreased expression of genes
and proteins associated with skeletal muscle growth, mitochondrial
function, and muscle-neuron signaling (Lahiri et al., 2019). The
continuous feeding of exogenous short-chain fatty acids partially
reversed muscle damage in germ-free mice, indicating that the micro-
biota and their metabolites play important roles in the gut-muscle axis
(Okamoto et al., 2019). Research on pigs has shown that antibiotic
treatment alters the gut microbiota composition, positively affecting
growth performance, thus suggesting that gut microbiota could be a
potential target for regulating host skeletal muscle characteristics (Yan
et al., 2020). Additionally, studies in humans have indicated that the
proportion of skeletal muscle fiber types is also regulated by the gut
microbiota (Grosicki et al., 2018). In recent years, the importance of
research on fish gut microbiota has become increasingly evident, high-
lighting its potential to advance the aquaculture industry and making it
a hot topic and frontier of research.

Single-omics data are insufficient for comprehensively analyzing the
regulatory mechanisms of complex physiological processes. In contrast,
Multi-omics integration analysis can be used to explore potential regu-
latory networks within organisms, providing more robust evidence for
understanding biological mechanisms (Zhang et al., 2010). The inter-
action mechanisms between the gut microbiota, their metabolites, and
host growth performance are not yet fully understood. Recently, inte-
grated omics analysis has offered new perspectives for studying the
diverse gut microenvironments in fish. For example, by combining
microbiome and metabolome data, Sparagon et al. discovered that the
gut microbiota and metabolites of herbivorous fishes continuously co-
vary and differentiate from the stomach to the hindgut (Sparagon et al.,
2022). By integrating metabolome and transcriptome data, Li et al. re-
ported that changes in fish gut metabolites under cold stress are closely
related to various metabolic and immune pathways (Li et al., 2024).
Combining microbiome and transcriptome data, Su et al. revealed that
the gut microbial structure of a new strain of carp affects its growth
performance by regulating gut gene expression (Su et al., 2021a). In
previous studies, we obtained an improved crucian carp (WR-II, 2n =
100) through distant hybridization, and WR-II exhibited significantly
faster growth than its parents (Carassius cuvieri, WCC, and Carassius
auratus red var., RCC) (Liu et al., 2019). This study employed 16S rRNA
gene sequencing, LC-MS metabolomics, and transcriptomics to conduct
a longitudinal multi-omics integration analysis. We aimed to investigate
the regulatory mechanism of rapid growth of WR-II in terms of gut mi-
crobes, metabolites and genes, providing evidence for the molecular
mechanisms underlying heterosis through distant hybridization.
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2. Materials and methods
2.1. Ethics statement

The fish used in this study are non-rare and non-endangered fish (not
classified as national first or second class protected animals). Re-
searchers have certification from Hunan Normal University's profes-
sional training course for animal laboratory practitioners. Prior to
dissection, all fish were anaesthetized deeply using 80 mg/L MS-222 for
humanitarian treatment.

2.2. Sample collecting

The fish (WR-II, WCC, and RCC) were cultivated at the Engineering
Research Center of Polyploid Fish Breeding and Reproduction of the
State Education Ministry, Hunan Normal University. WCC and RCC
classified into different species in the genus of Carassius (Liu et al.,
2019). The breeding strategy of the experimental fish was shown in
Fig. S1, and the specific methods refer to previous studies (Wang et al.,
2015; Liu et al., 2019). A total of 50 fish (eight-month-old) were selected
randomly from each group for light anesthesia, weighing and recording.
The mean weights of the WR-II, WCC, and RCC groups were 427.1 +
19.3 g, 276.1 £ 12.2 g, and 252.6 + 10.6 g, respectively. The health of
the fish was ensured prior to sampling. Following a 24-h period of
fasting, the abdomen was dissected with sterile dissecting scissors, the
intestines were removed, and the intestine was rinsed with 0.9 % sterile
saline under aseptic conditions. A segment of the mid-intestine was
excised, the ends of the intestines were cut open, and the contents were
collected with a sterile surgical blade for 16S rRNA gene sequencing and
metabolite detection. Muscle samples were taken by removing the scales
from the back and excising the dorsal muscle. Samples were aliquoted
and labeled in RNase-free EP tubes, quickly taken (within 5-10 min) for
transcriptome sequencing, and snap frozen immediately in liquid ni-
trogen at —80 °C.

2.3. Intestinal structure

A total of six fish of each of WR-II, WCC and RCC were randomly
selected for euthanasia. The abdomen was incised with dissecting scis-
sors, and the intestines were subsequently removed. The midgut was
then amputated and fixed in a paraformaldehyde solution for 24 h.
Subsequently, the intestines were dehydrated in an ethanol gradient
series, followed by clearing with xylene, dipping in wax, and embedding
the intestinal tissue in paraffin. The tissues were sectioned at a thickness
of 5 pm using a sectioning machine, stained with hematoxylin and eosin
(HE), prepared as histological paraffin sections, and finally observed and
photographed (Cinar and Senol, 2006). The height and width of 10 in-
testinal villi and the thickness of the muscularis propria were measured
in each section, with the average value taken as the measurement value.
The number of goblet cells was counted in three randomly photographed
non-overlapping fields of view, with the mean value taken as the final
number of goblet cells.

2.4. 16S rRNA gene sequencing

This project involved the 16S rRNA gene sequencing and analysis of
six intestinal content samples from each experimental fish to detect the
composition and abundance of intestinal microbiota. Firstly, total
genomic DNA was extracted from the intestinal contents, and the con-
centration and purity of DNA were analyzed on a 1 % agarose gel using
the NanoDrop 2000 spectrophotometer (Thermo Fisher, USA). The V3
and V4 hypervariable regions (400-450 bp) of the bacterial 16S rRNA
gene were amplified using the universal PCR primers 515F [5
-GTGCCAGCMGCCGCGG TAA-31 and 806R [5'
~GGACTACHVGGGTWTCTAAT-3']. Detailed experimental procedures
are described in other studies (Bokulich et al., 2013). Microbial diversity
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analysis was conducted using QIIME 2 software, and « and p diversity
indices were calculated (Wang et al., 2021).

2.5. LC-MS

A metabolomic study was conducted using non-targeted liquid
chromatography-mass spectrometry (LC-MS) on six intestinal content
samples from each experimental fish, with the objective of analyzing the
types and differences in metabolites present in the intestine. To extract
the metabolites, 100 mg of each intestinal content sample was subjected
to homogenization, and the resulting supernatant (250 uL per sample)
was subsequently collected. The LC-MS analysis experimental steps and
instrumental procedures are detailed in previous studies (Zhan et al.,
2022). The chromatographic gradient elution program followed a pre-
viously described method (Want et al., 2013). Positive and negative ions
were combined and analyzed, the raw data files (.raw) were processed
using CD3.3 software. Metabolite identification and relative quantifi-
cation were performed using the mzCloud, mzVault, and Masslist da-
tabases. We screened for differential metabolites based on the criteria
VIP > 1.0, FC > 1.5 or FC < 0.667 and P < 0.05. The KEGG, HMDB, and
LIPID Maps databases were used to identify metabolites.

2.6. Transcriptome sequencing and analysis

Three fish from each of WR-II, WCC and RCC were selected randomly
for the transcriptome analysis (a total of 12 samples). Total RNA was
extracted from muscle tissue using the RNA kit (Omega, USA). We
quantified the integrity and quality of RNA using capillary electropho-
resis (Bioanalyzer, Agilent Technologies) to ensure it adhered to the
sequencing requirements. Subsequently, RNA libraries were constructed
using the RNA Library Preparation Kit (New England Biolabs). This
process included reverse transcription of RNA, ligation of sequencing
adapters, and PCR amplification. The constructed libraries were then
subjected to quality checks again using the Bioanalyzer to ensure they
met the expected quality standards. For quality control (QC), low-
quality sequences were removed, adaptor sequences were filtered out,
and PCR duplicates were eliminated. The sequences were aligned to the
reference transcriptome. DEGs were calculated with the DeSeq2 package
in R software, with a screening threshold of |loga(fold change) | > 1 and
padj <0.01 from the WR-II vs. WCC and WR-II vs. RCC comparisons.
DEGs were analyzed for functional enrichment and pathway analysis,
and sequence annotations were performed using the protein database
(NCBI). GO functional classification and KEGG pathway analysis were
conducted using cluster Profiler.

2.7. Multi-omics analysis

All DEGs and DMs were mapped to the Kyoto Encyclopedia of Genes
and Genomes (KEGG) pathway database to obtain information
regarding the common pathway and to identify the principal biochem-
ical and signal transduction pathways in which the DEGs and DMs are
involved (Supplementary materials 2). Pearson correlation analysis was
used to screen for DEGs and DMs according to the targeted growth-
related pathways, in order to identify DEGs and DMs with significant
correlations. Pearson correlation analysis was then conducted between
the significantly different probiotic genera obtained from 16S rDNA
analysis and growth-related metabolites to assess the relationship be-
tween microbial species diversity and metabolites. The probiotic genera,
DMs and DEGs expression data required for mapping are shown in
Table S2.

2.8. Validation of significant DEGs by RT-qPCR
Total RNA was extracted from muscle tissues and first-strand cDNA

was obtained by reverse transcription kit (Thermo Fisher Scientific,
USA). The primers were synthesized by Sangon Biotech (Shanghai,
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China), and their sequences are provided in Table S3. -actin was used as
a control. The mRNA expression levels were determined using Pow-
erUp™ SYBR™ Green Master Mix (Thermo Fisher Scientific, USA) on
Quant Studio 5 system (Life Technologies, USA). The relative expression
level was calculated using the 20220 method.

2.9. Statistical analysis

All statistics are presented as mean + standard error (SE). Student's t-
test was performed for data analysis using SPSS 26 statistical software.
Statistical analyses were performed and plotted using GraphPad Prism
10. Pearson correlation coefficients were used to analyze correlations
between multi-omics data. Advanced Cor link was performed using the
OmicStudio tools at https://www.omicstudio.cn/tool. P < 0.05 was
considered statistically significant.

3. Results
3.1. Intestinal morphology

The intestinal structures of WR-II, WCC and RCC are shown in Fig. 1.
The intestinal mucosa (M), submucosa layer (SM), muscle layer (ML),
and serous membrane (S) structures are clearly visible. Goblet cells
(GCs) were distributed among the absorptive cells of the intestinal folds
(Fig. 1D, E, F). In addition, we measured and analyzed various
morphological features of the intestines (Table 1). The number of in-
testinal folds in WR-II (19-21) was greater than that in WCC (16-18) and
RCC (16-18). The fold height (hF) in WR-II (235.52 + 17.42 pm) was
significantly greater than that in RCC (124.39 + 11.37 um) and WCC
(207.25 £ 15.79 pm) (p < 0.05). The fold width (WF) in WR-II (71.45 +
3.55 pm) was significantly greater than that in RCC (39.62 + 2.89 pm)
and WCC (50.12 + 5.48 pm) (p < 0.05). The muscle thickness (tML) in
WR-II (41.47 + 2.35 pm) was also greater than that in RCC (36.11 +
0.93 pm) and WCC (36.98 + 1.41 pm). Moreover, the goblet cell density
in WR-II (633.93 + 17.99 cells/mm?) was significantly greater than that
in RCC (587.06 + 8.26 cells/mm?) and WCC (602.15 =+ 9.53 cells/mm?)
(p < 0.05).

3.2. Gut microbial community and probiotic levels

We sequenced the 16S rDNA V3-V4 variable region of the gut con-
tents of WR-II and its parents, to analyze the composition and differ-
ences in gut microbiota among the three fish. A total of 1884 operational
taxonomic units (OTUs) were detected. All 1884 OTUs (100 %) were
annotated in the database, with annotation rates at the domain, phylum,
class, order, family, genus, and species levels of 100 %, 99.79 %, 99.58
%, 97.98 %, 95.17 %, 82.32 %, and 45.70 %, respectively. The results of
the microbiome alpha diversity analysis are shown in Table 2. The
Good's coverage values were all 1, indicating high microbial detection
coverage and that the sequencing results accurately represented the
samples. PCoA and UPGMA clustering analysis (Weighted unifrac dis-
tance) revealed distinct separations between WR-II and WCC and RCC
(Fig. 2A, B).

Additionally, the microbial abundance (absolute abundance) of the
fish differed under the same rearing conditions. At the phylum level,
Bacteroidota, Proteobacteria, Firmicutes, and Chloroflexi were the
dominant phyla in the intestines of the fish, accounting for more than 90
% of the total abundance. Bacteroidetes was the dominant phylum in
WR-II with a high abundance (59.92 %), whereas Proteobacteria was the
dominant phylum in WCC and RCC (41.44 % and 52.91 %, respectively)
(Fig. 2C). At the genus level, we identified the top 10 probiotic genera in
the gut microbiota of WR-II, ranked by absolute abundance: Ralstonia,
Salinivibrio, Bacteroides, Cetobacterium, Deinococcus, Exiguobacterium,
Faecalibacterium, Parasutterella, Cupriavidus, and Coprococcus. We
compared these probiotic genera between WR-II and WCC, and between
WR-II and RCC (Fig. 2D). In the WR-II and WCC comparisons, the
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Fig. 1. Morphology of the intestines of WR-II, WCC, and RCC. (A, D) WR-II, (B, E) WCC, and (C, F) RCC. SM: submucosal layer; M: mucosa; S: serous membrane; GC:
goblet cells; wF: fold width; hF: fold height; tML: muscle thickness. A, B, C Scale bars = 100 pm, D, E, F Scale bars = 20 pm.

Table 1
Indicators of gut morphology in WR-II, WCC and RCC.

Group Intestinal Fold height Fold Muscle Goblet cell
fold (pm) width thickness density
(um) (pm) (cell/mm?)
207.25 + 50.12 + 36.98 + 602.15 +
wee 16-18 15.79%¢ 5.48%¢ 1.41 9.53%
124.39 + 39.62 + 36.11 + 587.06 +
Ree 16-18 11.37% 2.89%° 0.93 8.26
235.52 + 71.45 + 41.47 £ 633.93 +
WRL 19-21 17.42"¢ 3.55" 2.35 17.99"

Note: Values are means + SE, n = 6. a indicates that it was significant differences
with WR-II (p < 0.05).

b indicates significant difference with WCC (p < 0.05). c indicates significant
difference with RCC (p < 0.05).

absolute abundances of Ralstonia, Salinivibrio, Bacteroides, Exiguobacte-
rium, and Faecalibacterium were significantly greater in WR-II compari-
son (p < 0.05). However, Deinococcus, Parasutterella, Cupriavidus, and
Coprococcus were absent in WCC and unique to WR-IL In the WR-II and
RCC comparison, the abundances of Ralstonia, Salinivibrio, and Cop-
rococcus were significantly greater in the WR-II comparison (p < 0.05).
Similarly, Cupriavidus was also unique to WR-II. Overall, the abundances
of Ralstonia and Salinivibrio in WR-II were significantly greater than
those in the parents, and Cupriavidus was unique to WR-IIL.

3.3. Intestinal metabolite analysis

Nontargeted metabolomics (LC-MS) was used to determine the
metabolic profiles of the intestinal contents of WR-II, WCC, and RCC.
Metabolomic data clearly distinguished WR-II from WCC and RCC in the
PCA and OPLS-DA models, laying the foundation for subsequent

differentially abundant metabolite screening. The clustering heatmap
(Fig. 3B) revealed that samples within groups clustered closely, whereas
the intergroup distances were relatively large (Fig. 3B). A total of 1979
metabolites were identified in 18 samples from WR-II, WCC, and RCC. A
total of 481 metabolites were significantly different between WR-II and
WCC, with 406 upregulated and 75 downregulated (Fig. 3C). A total of
718 metabolites were significantly different between WR-II and RCC,
with 547 upregulated and 171 downregulated (Fig. 3D). HMDB classi-
fication indicated that the DMs were mainly lipids and lipid-like mole-
cules, organic acids and derivatives, and organic heterocyclic
compounds (Fig. 3E).

The DMs were annotated to KEGG pathways. The top 20 enriched
pathways for DMs in the two comparison groups are shown in Fig. 3.
Notably, the significant pathways included metabolic pathways, carbon
metabolism, the pentose phosphate pathway, the Foxo signaling
pathway, and purine metabolism in the WR-II and WCC comparisons
(Fig. 3F). In the WR-II and RCC comparison, the significantly enriched
pathways were aminoacyl-tRNA biosynthesis; metabolic pathways;
alanine, aspartate and glutamate metabolism; beta-alanine metabolism;
and purine metabolism (Fig. 3G). These DMs were related mainly to
metabolism, protein synthesis and development. Notably, the levels of
fumaric acid, sphingosine, betaine and AMP in WR-II were significantly
greater than those in WCC and RCC, and the four metabolites promoted
host growth and development.

3.4. Differential genes identification and functional enrichment

Transcriptome analysis of nine muscle samples from WR-II, WCC,
and RCC yielded 3.88 x 10° clean reads, with approximately 84.39 %
mapped to the reference genome. Differentially expressed gene (DEG)
analysis under stringent criteria revealed 5680 DEGs between WR-II and
WCC, with 2694 upregulated DEGs and 2986 downregulated DEGs. A

Table 2
Alpha diversity index of the gut bacterial communities of WR-II, WCC and RCC.

Sample Goods_coverage Observed_features Chaol Simpson Shannon
WR-II 1.000 0.334 409.882 0.623 2.896
WCC 1.000 0.507 885.538 0.914 5.225
RCC 1.000 0.534 942.857 0.864 5.008

Note: n = 3.
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Fig. 2. Gut microbiome analysis of WR-II, WCC, RCC. A. PCoA plot (Weighted unifrac distance). B. UPGMA clustering tree (Weighted unifrac distance). C. Histogram
of the top 10 absolute abundances of WR-II, WCC, and RCC intestinal bacterial phyla. D. Comparison of the WR-II probiotics top 10 with its parents WCC and RCC.

total of 11,795 genes were differentially expressed between WR-II and
RCC, with 6064 upregulated and 5731 downregulated (Fig. 4A). KEGG
enrichment analysis of the DEGs revealed that the pathways signifi-
cantly enriched in the WR-II and WCC comparisons included oxidative
phosphorylation, ribosome, focal adhesion, protein processing in the
endoplasmic reticulum, and the citrate cycle (TCA cycle). In the WR-II
and RCC comparison, the significantly enriched pathways were focal
adhesion; mitophagy; the NOD-like receptor signaling pathway; auto-
phagy; and valine, leucine and isoleucine degradation. These findings
indicate that the DEGs, compared with those in WCC and RCC, are
related mainly to protein synthesis and substance metabolism.

To verify the expression levels of the growth-related genes, the DEGs
were annotated via GO functional analysis and KEGG enrichment
analysis. Common growth-related terms identified in WR-II, WCC, and
RCC included insulin-like growth factor binding (GO:0005520),
response to growth factor (GO:0070848), insulin signaling pathway (KO
04910), FoxO signaling pathway (KO 04068), and the mTOR signaling
pathway (KO 04150). Additionally, representative genes for these
growth-related terms, including irs1, akt, foxol, igflr, and irs2, were
more highly expressed in WR-II than in its parents, WCC and RCC
(Table 3).

3.5. Multi-omics correlation analysis

DMs and DEGs were mapped to KEGG pathway databases to identify
shared pathways and determine the main biochemical and signal
transduction pathways (Fig. 5). In the WR-II and WCC comparisons, the
growth-related target pathways identified included the FoxO signaling
pathway (3 metabolites, 72 transcripts), the mTOR signaling pathway (2

metabolites, 66 transcripts), oxidative phosphorylation (3 metabolites,
110 transcripts), and carbon metabolism (12 metabolites, 57 transcripts)
(Fig. 5A). In the WR-II and RCC comparisons, the target pathways
included the mTOR signaling pathway (2 metabolites, 144 transcripts),
the FoxO signaling pathway (3 metabolites, 135 transcripts), carbon
metabolism (3 metabolites, 135 transcripts), and oxidative phosphory-
lation (3 metabolites, 85 transcripts) (Fig. 5B).

To better understand the mechanism of action of the intestinal flora
and its metabolites in promoting host growth, Pearson correlation an-
alyses were performed on the basis of the above data, including intes-
tinal probiotics (OTUs generated by 16S rDNA sequencing), intestinal
metabolites (DMs enriched in the growth-related pathway), and growth-
related gene expression (DEGs enriched in the growth-related pathway).
The results revealed that intestinal probiotics and DMs were signifi-
cantly associated with the expression of growth-related genes (Fig. 5C).
Ralstonia is positively correlated with DMs but does not meet the criteria
for significance (p < 0.05). However, Salinivibrio was significantly
positively correlated with AMP (r = 0.70, p < 0.05), fumaric acid (r =
0.69, p < 0.05), ADP (r = 0.61, p < 0.05) and adenosine 5-mono-
phosphate (r = 0.64, p < 0.05) (Table S4). In addition, DMs and DEGs
enriched in the same pathway were significantly correlated (Table S5).
In the FoxO signaling pathway, AMP was significantly positively
correlated with irs1 (r = 0.85, p < 0.01), and foxol (r =0.79,p < 0.05).
In the mTOR signaling pathway, AMP was significantly positively
correlated with irs1 (r = 0.85, p < 0.01). Multi-omics analysis revealed
that in WR-II with rapid growth, the role of intestinal probiotics in
muscle growth is related to the activation of the FoxO signaling pathway
and the mTOR signaling pathway. Moreover, irs] and foxol were
identified as the main effectors, and AMP was identified as a potential
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Fig. 3. Identification and analysis of differentially metabolites in WR-II, WCC, and RCC. A. PCA plot. B. Differentially abundant metabolite clustering heatmap; the
vertical direction represents the clustering of samples, and the horizontal direction represents the clustering of metabolites. C, D Differentially abundant metabolite
volcano map. E. Differentially abundant Metabolite HMDB classification statistical chart. F, G. Differentially abundant metabolite KEGG enrichment map.

messenger in the gut-muscle axis.

3.6. RT-PCR validation

To verify the reliability of the transcriptome data, we selected ten
important genes, namely, Insulin receptor substrate 1 (irs1), Forkhead
box O1 (foxol), Insulin-like growth factor 1 (igf1), Growth hormone
receptor (ghr), AKT serine/threonine kinase 1 (akt1), Mechanistic target
of rapamycin complex 1 (mtorcl), Myostatin b (mstnb), myogenin
(moyg), Myogenic differentiation antigen (myod) and Phosphoinositide
3-kinase (pi3k) of the growth-associated pathway for RT-qPCR valida-
tion. As shown in Fig. 6. The RT-qPCR results were consistent with the

transcriptome data, confirming the authenticity of the transcriptome
sequence and validating its reliability. (See Fig. 6.)

4. Discussion

Fish constitute an essential food source. The growth rate of fish not
only affects farming efficiency but also directly impacts the sustain-
ability of the aquaculture industry (Vélez et al., 2017). Distant hybrid-
ization usually results in heterosis, which is reflected in a fast growth
rate, high disease resistance and high nutritional content (Liu et al.,
2018; Liu, 2010; Liu et al., 2016). In previous studies, WR-II, which has
fast growth, high muscle protein content, and strong stress resistance
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Table 3
Genes associated with growth shared among the sets of WR-II DEGs.
Gene log2 (WR-II/WCC) p value log2 (WR-II/RCC) p value
irs1 2.60 P < 0.01 6.99 P < 0.01
akt 1.53 P < 0.01 2.35 P < 0.01
foxol 3.33 P < 0.01 5.35 P < 0.01
igflr 2.59 P < 0.01 4.39 P < 0.01
irs2 3.17 P < 0.01 7.16 P < 0.01

Note: p < 0.01 indicates a extreme significant difference.

was obtained via distant hybridization (Liu et al., 2019; Zhang et al.,
2024). The mucosa and submucosa form numerous intestinal folds
within the intestinal lumen, and the number of these folds is positively
correlated with the number of intestinal epithelial cells; more folds in-
crease the absorptive capacity of the intestine (Morrison and Wright Jr,
1999; Verdile et al., 2020). Furthermore, goblet cells are critical in-
dicators of the digestive and absorptive capabilities of the intestine.
Studies have shown that these cells secrete various mucus substances,
primarily neutral and acidic GCs, which play a significant role in the
absorption process and the transport of macromolecules across mem-
branes (Birchenough et al., 2015; Pelaseyed et al., 2014). In this study,
WR-II had more intestinal folds, and the height, width and goblet cell

density of the intestinal folds were greater than those of its parents
(Table 1). This result indicated that the digestion and absorption of WR-
II were better than those of its parents, which may promote the rapid
growth of WR-II. In addition, the greater number of intestinal folds of
WR-II results in a large intestinal surface area that can accommodate
more types of intestinal flora fixations, such as Cupriavidus, which is only
found in WR-II (Fig. 2, D).

Many studies have confirmed the close relationship between the gut
microbiota and host growth (Vargas-Albores et al., 2021). The stability,
diversity, and abundance of the gut microbial community can influence
fish growth rates (Su et al., 2021a). There are many probiotics in the vast
gut flora, and probiotics are increasingly being recognized for their
ability to positively alter the gut microbiota and improve metabolism
(Falcinelli et al., 2018). In this study, the abundances of Ralstonia and
Salinivibrio were significantly greater in the intestines of WR-II than in
those of to its parents (Fig. 2, D). Ralstonia is highly abundant in the
intestines of marine fish, with fewer reports in freshwater fish (Huang
etal., 2020; Kim et al., 2007). In studies on the impact of algae on the gut
microbiota of sea bream, Ralstonia exhibited antibacterial activity or the
biosynthesis of bioactive compounds and may produce beneficial sec-
ondary metabolites for the host (Cerezo-Ortega et al., 2021). Salinivibrio
promotes the production of extracellular proteins, polysaccharides or
enzymes (Logan et al., 2006). In Salinivibrio species, research has found
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that the ectABC-asp gene is present in all genomes, and members of the
genus can biosynthesize ectoine using the enzyme encoded by ectABC-
asp, ectoine is essential for the growth of this species at low temperatures
(de la Haba et al., 2019; Ongagna-Yhombi and Boyd, 2013). A recent
genome mining study of Salinivibrio proteolyticus M318 described the
presence of the TRAP TeaABC transporter and the operon doeABXCD for
ectoine catabolism in this species (Van Thuoc et al., 2020). In addition,
one of their most interesting applications includes the production of a
novel type of restriction endonuclease (Galisteo et al., 2019). Cupriavi-
dus is unique to WR-II compared with its parents and has been found to
be involved in nitrogen fixation and nodule formation in legumes, as
well as other plant growth-promoting activities (Gyaneshwar et al.,
2011). Therefore, on the basis of reports in the literature and the
abundance of Ralstonia, Salinivibrio and Cupriavidus in WR-II, we hy-
pothesize that three probiotics have a growth-promoting effect on the
growth of WR-IL In studies of the metabolome, growth-related DMs such
as fumaric acid, sphingosine, betaine and 5-adenylic acid (AMP) were
identified (Fig. 3). Fumonisin can reduce the expression of igf1 and ghr
mRNAs in fingerlings and juveniles by inhibiting the biosynthesis of
sphingolipids via the inhibition of sphingosine kinase (da Silva et al.,
2019). These findings suggest that sphingosine plays a role in fish

growth. Betaine improves the growth of fish and is already used as a feed
additive for fish (Clarke et al., 1994; Fredette et al., 2000; OZYURT and
POLAT Ozyurt and Polat, 2001). AMP plays a crucial role in various
cellular metabolic processes by being interconverted to adenosine
triphosphate (ATP) and adenosine diphosphate (ADP). Additionally,
AMP functions allosterically, with some studies suggesting that it acts as
both an allosteric regulator and a direct agonist for AMP-activated
protein kinase (AMPK) (Gowans and Hardie, 2014; Jauker et al.,
2015). The levels of these four metabolites in WR-II were significantly
greater than those in its parents, which may promote the rapid growth of
WR-IL. Finally, in comparative transcriptome analyses, we identified
terms with growth-related GO functions and KEGG enrichment analysis
and identified several representative genes, among which irsl, akt,
foxol, igflr, and irs2 were significantly upregulated (Table 3). In
conclusion, we found evidence of fast growth of WR-II in terms of gut
microbes, gut metabolites and gene expression.

With the development of high-throughput technology, Multi-omics
analysis has been widely used in fish genetic breeding research, and
has achieved many results in research fields such as genetic diversity
(Kim and Kim, 2021), environmental adaptability (Wang et al., 2024;
Wen et al., 2019), aquaculture improvement (Li et al., 2017), and
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differences (P < 0.05).

disease control (He et al., 2021; Zhong et al., 2023). In this study, we
revealed the molecular mechanisms involved in the rapid growth of
hybrid fish via the integration of gut microbes, gut metabolomics, and
muscle transcriptomics (Fig. 7). The gut microbiota synthesizes and
regulates metabolites mainly from food-derived, nondigestible organic
matter and endogenous secretions (Macfarlane and Macfarlane, 2002;
Serino et al., 2009; Song et al., 2022). In this study, we found that the
abundance of Salinivibrio and the level of AMP in the gut of WR-II were
significantly greater than those in the gut of its parents, and the results
revealed that Salinivibrio was significantly positively correlated with
AMP (Fig. 5). Therefore, Salinivibrio may promote the production of
AMP. Furthermore, small molecules present in the gut can traverse the
intestinal barrier and enter the circulatory system, where they can
promote or inhibit gene expression (Burcelin, 2016; Li et al., 2018; van
der Knaap and Verrijzer, 2016). In this study, AMP was significantly
positively correlated with irs1 and foxol, which were enriched in both
the mTOR signaling pathway and the FoxO signaling pathway (Fig. 5).
AMPK regulates energy homeostasis by sensing the AMP + ADP/ATP
ratio (Hardie, 2014; Hardie et al., 2006; Mihaylova and Shaw, 2011).
AMPK signaling acts downstream to control a complex signaling
network that includes the growth-related FoxO and mTOR signaling
pathways (Burkewitz et al., 2014; Edwards et al., 2010; Martin-
Montalvo et al.). AMPK regulates insulin receptors (IRs), particularly
irs1, thereby controlling the insulin signaling pathway (Chopra et al.,
2012). This pathway provides survival signals to cells by continuously
activating protein kinase B (Akt) (Long et al., 2011). Studies have

demonstrated that akt activates the mTOR signaling pathway, which
increases amino acid uptake and promotes protein synthesis (Bassel-
Duby and Olson, 2006; Glass, 2003). Akt also phosphorylates and in-
activates Foxo transcription factors, leading to a decreased expression of
genes that promote muscle autophagy (Zhao et al., 2007). In this study,
the expression of irsl increased, activating akt and thus the mTOR
signaling pathway. Interestingly, the expression of foxo1 also increased,
which is contrary to the above results. However, studies have found that
the upregulation of the foxo1 can also stimulate cell proliferation (Liang
etal., 2020). The precise mechanism remains under investigation. These
results revealed an important pathway that can promote the rapid
growth of WR-II. Salinivibrio can promote the production of the metab-
olite AMP, which activates the mTOR signaling pathway and the FoxO
signaling pathway by upregulating irs1 and foxol.

In conclusion, this study provides a comprehensive view of the
different profiles of the gut microbiota, gut metabolites and muscle
transcriptome in improved fish from distant hybridization and its par-
ents. Furthermore, the mechanism by which intestinal microbes and
their metabolites promote the rapid growth of hybrid fish was identified
through Multi-omics analysis. We propose that beneficial intestinal
bacteria, particularly Salinivibrio, can increase the level of the metabolite
AMP, which in turn promotes the expression of irs1 and foxol. Then, the
mTOR and FoxO signaling pathways are activated. Our study demon-
strated that the gut microbiota and its metabolites play a significant role
in host growth and elucidated the molecular mechanism of fast growth
in hybrid fish.
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